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INTRODUCTION 

wm ranle from a few meters to possibly hundreds of meters. For reducing the cost of 

it 0n wUl UC be 0 ^cl a ssary to make the structure as light as possible. However, reducing 
structural mass tends to increase the flexibility which would make it more dlfflcu ^ 
control with the specified precision in attitude and shape. Therefore. 
develop a methodology for designing space structures which are optimal with respect 

both structural design and control design. 

In the current spacecraft design practice, it is customary to first perform the 
structural design and then the controller design. However, the structural design and the 
control design problems are substantially coupled and must be considere concurren y 
order to obtain a truly optimal spacecraft design. For example, let 9 

the " co ^^?^j d ® s i(® n Va ^g^g r ( sizes ^"if^^sti^ctimal ^member thickness is changed, the 
dynamics would change which would then change the control ^ 


That 


dynamics would change wnicn wouiu ““ the sets G and 9 depend on each other, 

would, in turn, change the structural model. Thus, the sets t> an y 

Future space structures can be roughly divided into four mission classes. Class 1 
missions include flexible spacecraft with no articulated •****« J s ) Class H 
attitude pointing and vibration suppressmn e^. ^ge sP e loads> where the 

^u'“e n Lrirto of f,r P ^r^^ - ^j t “ ressin8 

the elastic motion. Class III missions include rapid slewing of sp*c*craft with 
aoDendages while Class IV missions include general nonlinear motion of a flexible 

spacecimfTwith articulated appendages and robot arms. Cla « ™ f Tactua?orand 
linear mathematical modeling and control system design probiems (except for actuator 
sensor nonlinearities), while Class III and IV missions represent nonlinear problems. 

In this paper, we shall address the development of an integrated controls/structures 

on 

5™ ysr-TK jslusz 

CONTROLLER DESIGN METHODS 

rnntrol of larze flexible space structures (LFSS) is a challenging problem because of 
their special dynamic characteristics which‘ “ery^mafuLerent 

of the parameters, .n irder to be practical., 

4 



implementable, the controller must be of a reasonably low order and must also satisfy th* 
performance specifications (!.«.. RMS pointing error. clos«i-loop bandwidth. e“ J ft 
must also have robustness to "nonparametric" uncertainties (i.e., unmodeled structural 
modeh' '? parametrlc " uncertainties (i.e., errors in the knowledge of the design 

controllers (MBC) aT'dSpfw contrXs d ' S ‘ 8 " m " h0<iS f * r LFSS *" 

fo,,o„*} ‘ “ 

nowledge of the design" model (consisting of the rigid rotational modes and a few 

“f S) t m , X , tS ”P rediction " Part- Using multivariable frequency-domai/design 

thP ^ d Mi k controllers can be made robust to unmodeled structural dynamics- that^s 
the spillover" effect can be overcome [ 1 J. However, such controllers gTne^llv tenfti ’ 
be very sensitive to uncertainties in the design model, in particular, to uncertainty in 
the structural mode frequencies [1,21. An analytical explanation of this instability 
mechanism may be found in (21. Achieving robustness to real parametric^^ uncer^ntles 1 , 

as yet an unsolved problem, although considerable research activity is in progress in that 
area using H-infinity and structured-singular-value methods. progress in that 

miinr-jit a** f th ® se " sitivit y problem of MBC’s, dissipative controllers, which utilize 

DiiS and , COr f, Patible actuat0rs and sensors > offer an attractive alUrnative 

Dlant P Ind nff t rs Utlh ! e , special passitivit y-type input/output properties of the 

Encer’tainJies t£*T i'T** pr6SenCe ° f both ^nparametrtc and parametric 

Itrnl pr n TP 163 * controller of this type is the constant-gain dissipative 
controller. Using collocated torque actuators and attitude and rate sensors the 
constant-gain dissipative control law is given by: sensors, the 


u = -G y - G y 

P P r r 

where y p and y r are the measured (3m x i, where m is the number of 3-axis sensors) 
attitude and rate; G p and G f are 3m x 3m symmetric, positive-definite gain matrices. This 
la " has been P roven give guaranteed closed-loop stability despite unmodeled 

mask 

P ormance is inherently limited because of its restricted mathematical structure. 

robus^stabnitv° dvnamt??* P * rformance while stiJ1 retaining the highly desirable 
rlntnni| b y ’ dyna ™ c dls sipative compensators can be used. Two types of such 
controllers were considered in [2] and are presently under develooment l m I 

ofThe^I? 10 ° f H aI i l diSS ! Pative controllers is that, although they utilize the knowledge 

lwf4r?o n e^ra the *"* P0SSib,e ^ f ~- ^ *« «* 

INTEGRATED DESIGN FORMULATION 

rart . In ° r ? er t0 facilitate the integrated design methodology development an 

"Farth P n 0, ! ng g c eOStatl ° nary platform concept was selected as a focus mission The 
Earth-pointing System (EPS)" concept, shown in Figure 1 consist* Jim? ™ 

i7the r T" T ^ r ‘ b a " ,a " naa (7 ' 5m aad 1Sm <1 ’botSTadT 

assumed that a three-axis control moment gyro (CMC) and collocated attitude and fate 


( 1 ) 
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sensors, located close to the center-of-mass of the structure, are used for accomplishing 
the control. 

The approach followed herein is to formulate the integrated design problem as a 
single-objective optimization problem. The structural design variables used are outer 
diameters of the truss and antenna support members with the thickness fixed. In 
particular, the truss was broken into three sections and the outer diameters of the 
longerons, battens, and diagonals within each section constitute nine design variables. 

Two additional structural design variables are the outer diameters of the support members 
for the two antennas, thus constituting a total of 11 structural design variables. 

The control law considered herein is the constant-gain dissipative controller given 
by Eq (1), which is known to have excellent robustness to unmodeled elastic mode dynamics 
and parametric uncertainties. The set t? of the control design variables consists of the 
controller gains G and G . In order to ensure that G p and G^re symmetric and positive 

definite, they are expressed in terms of their Cholesky decompositions: 


where T and T are upper-triangular matrices. Thus, the number of control design 

p r 

variables is 12, so that the total number of design variables is 23. 

The sensor outputs are contaminated with zero-mean white noise processes w^ and w^ 

with covariance intensities W and W f . It is straightforward to write the equation for 

the evolution of the state vector covariance matrix [31. The steady-state version of the 
covariance equation is a Lyapunov equation, which can be readily solved to obtain the 
steady-state covariance matrix Z of the state vector. The RMS pointing error at a given 
location can be determined from Z in a straightforward manner. 


The objective considered herein is to obtain the best possible performance with the 
least possible total mass. This is expressed as a weighted sum of the total mass and a 
measure of the "time constant", as: 


V Itl/tteUjHI 

1 _ 

l |[l/fte{A°>]| 

1 

with respect to: d , ...» d » T , T ; 

r 1 11 p r 

where M M denote the structural mass and the actuator mass, fleiX > denotes the 

struct * act. * 

real part of the ith closed-loop eigenvalue A^ and the superscript "0" denotes the 

nominal values of the corresponding variables. The coefficient 0 is chosen to be between 
0 and 1, according to the relative importance given to the total mass and the response ^ 
"time constant", represented by the term inside the summation signs. The "time constant 
term is a measure of how fast the motion (including the elastic motion) is attenuated. 

The reciprocal of the "time constant" term is a measure of the closed-loop performance and 

is called the "controlled performance". 

The constraints are given by: 


Minimize 


J = 0 


^ M struct. + M act? 
(M struct. + M act! 


+ ( 1 - 0 ) 


3 


1) Limit on the maximum allowable RMS error at the larger antenna: 


C rms S c max 11 Mrad. 


2) Limits on the minimum and maximum allowable tube diameters: 


d, s d a d i = l n 

3) Matrices T p and T r must remain nonsingular (i.e., must have non-zero diagonal elements) 

m order to ensure positive definiteness of G and G . 

P r* 

INTEGRATED DESIGN RESULTS 

. F ° r + the nominal structural design, the first modal frequency was about 0 6 

large antenna support with the first truss mode at about 6 H 7 a n c „ * * H th 

sSLtrsft c^iottr ™ 1 * ai d n ™ 

stutl ' t0 ma ^ lta * n the^RMS^h!^/ error ^w^hi^ld^required^tolerance* r ^»timizatio^ namiCS 

ResJS*"SiS:: f °ngures S t* “ owTeSctf.'f 8 " .SlT <toi “ "^ngley 

r the 

corresponds to a "performance" or "eontmi" nominee ^ T • p ’ , A vaIue of & near zero 
a "mass" or "cost" dominated desXn Ac i domina ^ ed des, « n w hile 0 near 1 corresponds to 

the trade-offs between structura and TJtrrT** 8 b * tWeen , 0 and la Figures 2-5 indicate 
For ft - n 1 *; t?m , tural and c °ntrol properties of the optimal integrated desion 

ss-l-s 

SSSTS r a7 q mu e c7as W Vo “" 1 ^^ TVF“" 

advantage of integrated design is in its capability ^obtafnVbette^dSim” 0 ^ VCr ’ main 

necessarily reduction of the total mass. better deSlgn and not 

CONCLUDING REMARKS 

sin P i,»I!lhi n ! egrated C ° ntrols/struct ures design problem was formulated as a 

mth ' 1 s r“ s “ d the 

compensators) for incomoration in th*» , . . laws le g -* dissipative dynamic 

verification of the I'* 18 " meth0d towards “^imental 

also under development [41. P ‘ placen “ ! " t » f and actuators are 
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Table 1. Conventional Design vs. Integrated Design 


Objective Controlled Structural Actuator Total 
Function Performance Mass Mass Mass 


Initial Design 10 1.0 1.0 1.0 1.0 



Figure 1. Generic geostationary platform. 
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A8STRAC1 


Presented herein is a novel passive vibration damping technique that is 
referred to as Non-Obstructive Particle Damping (NOPD)." The NOPD technique 
consists of making small diameter holes (or cavities) at appropriate locations 
inside vibrating structures and filling these holes to appropriate level? with 

; t '^ es , whlch . y^ e1d the maximum damping effectiveness for the desired mode 
(or modes). Powders, spherical shaped, metallic, non-metallic or liquid 

particles (or mixtures) with different densities, viscosities and adhesive or 
cohesive characteristics can be used. aanesive or 

1. INTRODUCTION 


a «n„nl h ff * k ♦ • S ° f dampi " 9 treatments in structures is related to the 
amount of vibration energy converted into other forms of energy The 

performance of virtually all existing damping methods is affected bv 

environmental conditions. Vibration damping under severe temperature 1 ^ 

pressure, and fluid flow conditions is usually handled by structural desiqn 

md . tenal selection, and other measures. Systematic treatments 
or passive damping are unavailable for cryogenic or harsh environments. 


Existing Methods of Passive Damping 


Presently used 
broad categories: 
devices, (c) impact 
isolators. 


passive damping techniques can be classified into six 
(a) viscoelastic material applications, (b) friction 
dampers, (d) fluid dampers, (e) tuned dampers, and (f) 


Viscoelastic materials are very effective vibration suppressors at room 
and moderate temperatures but lose their effectiveness in low and h?gh 

deqfade 1U embrmi^T h S * Vlsc . oe . lastic nwterials have a tendency to 
Khir ^cesses- 1 6760 $1nte9rate WUh tin,e throu9h °^gassing 

Friction dampers are useful in many applications includina harsh 
environments such as rocket engine turbine blades. However because thf 

of thermal° f *— n 'l 3 fu " Cti °" ° f the Tightness^ oTTA afd 

or thermal and environmental conditions,*the effectiveness of 

conditions. ^ thernH ' forces l>nen "'grades due to changes in surface 

i«vatl “TuTas'Tn S„", *p p '' c * tl0 " s where Pyroshock conditions 
4 >i 9 f s n recoil guns, and are relatively effective Their 

“ tr,l) ! ,te ' , “<»'» to momentum exchange between the 

impractical when th.^ tmpacting particles.’Impact dampers become 
impractical when the amount of energy to be absorbed is large. 

Fluid dampers are devices that use the added mass effect squeeze film 
effects, and where applicable, the sloshing effects of ’the fluid to 

Z L , r ! Jctural dam PJ n 9- They are also used to absorb sudden shock? 

y dissipating energy through heat and acoustic effects, and can be tuned 
to specific frequencies. 4 Fluid dampers are normally not applicable 

limited ?tilitr V,r0nmenta1 C ° ndUi0nS and hence have specialized and 
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e. Tuned dampers form a class of vibration absorbers that have to be 
specially designed to attenuate the amplitude of a specific vibration 
mode. These include dynamic vibration absorbers, acoustic cavities, and 
other forms of passive tuned mechanisms. They are quite effective if 
designed appropriately. Sometimes, however, changes that occur in time 
can result in the detuning of the dampers. 5 

f. Isolators are damping devices designed to attenuate the transmission of 
vibrations to sensitive instrumentation and equipment over a given 
frequency range. These can be made from viscoelastic materials, fluid 
dampers, NOPO, and other combinations thereof. Their effectiveness is a 
function of vibration amplitudes, frequency bandwidth, and environmental 
conditions.isolators can also be affected by constant loading and 
vibration effects and can degrade in time. 

2. Non-Obstuctive Particle Oamping (NOPD) Related Experience 

NOPD Involves the potential of energy absorption/dissipation through 
friction, momentum exchange between moving particles and vibrating walls, 
heat, and viscous and shear deformations. Initial NOPD test results 
substantiate the effectiveness of this damping technique.'However, the 
Information available Is Insufficient to model, optimize, and predict Its 
effectiveness on different applications. 

The following describes a Space Shuttle Main Engine (SSME) liquid oxygen 
(LOX) Inlet tee vibration problem addressed and test results obtained that 
Indicate significant vibration reductions using NOPD techniques. 

3. SSME LOX Inlet Tee. In an effort to reduce the high amplitudes of 

vibrations of an SSME component 7 ,'without changing Its mass or 

performance characteristics, four 1-millimeter (mm) diameter holes were 
machined Inside one of the LOX Inlet tee splitter vanes (Figure 1). The holes 
were partially filled with various particles and tested under hammer Impacts 
and high frequency/high amplitude shaker excitations. Acceleration 

measurements were taken on the vane and on the outside shell of the LOX Inlet 
tee (Figure 2) with holes empty and filled with various particles. The 

results showed significant effects In spite of the small size of the holes and 
small amounts of fill materials. 

Description of Tests. Vibration and modal tests of the LOX Inlet tee 

vanes, with holes empty, were conducted and data was recorded and reduced to 
the form of frequency response functions. Then, the four 1-mm-dlameter holes 
were filled with 0.18 mm, 0.28 mm, and 0.58 mm (Figure 1) diameter steel balls 
to 1/2-, 3/4-, and 7/8-full levels and tested. Next, zirconium oxide 

(Zr0 2 ) ceramic balls of 0.25 mm diameter were introduced Into the holes 

and tested for vibration levels with the same excitation. Similar tests were 
carried out with nickel and tungsten powders. 

All of the tests were performed according to the standard practice of 

modal/vibration testing. The tee was suspended by flexible rubber bands to 

simulate a free-free condition, and the shaker was bolted onto a fixture with 
the moving tip (with a load cell attached to It) glued to the bottom of the 
tee as shown In Figure 2. The driving point response was kept at 13.7 g, and 
the vane responses at different locations along the midspan ranged from 20 g 
to 154.6 g at the leading edge midpoint of the right vane. 
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SSME LOX Inlet Tee Test Reunite t. 

the tests: modal data (mode L;« T ? . types of data were obtained in 

frequencies); and vibration (accefe?ance l I*"* 1 "? rat1os at various 
ifferent types and levels of fill. ve s °t various modes with 

uniform grid o f ’ac cel erat hfn P measurement ™on L rh ^ obta1ned from a 25-point 
shown on separate plots (Figure 3) As th* each . v f ne * These mode shapes are 

rind te o S i (Fi9U / e 4) ' there are a PProxi^elyTo d modp qUe K n< ; y response function 
Hz and only a few below 3000 Hz The dolinll! 19 modes between 3000 and 6000 

Hz^re^bend^ng £ 4740 HZ ' The "p^nen^^des "lC\?00 

Hz P a Ef^r 9 ?ca 1 ° f t°^s?^ a r^d S e W |t re 4?^"r-o Jn« y ranged from °- 06 * 

??• , El9ht . of the 10 ">° d es above 3000 111! H . z \° °‘ 20 * for a mode at 5239 

rzi 7 ^ £ 

«!7X.K.7SS b !j: & rssu; 

damping ratio was 0.0006 and the amoiitnH^ 6 torsiona1 mode at 5021 Hz the 
changed to 0.0035 and S S g/i ff 1 ^ was *2.8 9/lb when empty ft 

sampu ten 0 f t J his 11 lustrates ^a damping^ effect Tx^^’ ? hen fi,1ed ^ 
sample of three modes is DresentoH c erreci exceeding a factor of 5 a 

sfss’jrjt fflsv=rf»iss-sw srs 

. . y amounts of various material* a. 15 new - 'be observation 

P "?‘ iuc « s “‘ h T r^ ,?f« t Vn« f Sma " «"«» « 

aircraft / SUCh an a PProach to rocket enain. eK The Potential 
aircraft, rotorcraft, lasers CKet engine components, soacecraft 

Pr<mfSinS - A- 
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involved, optimal fill levels, and the best locations and dimensions of holes 
for specific applications as well as other aspects of NOPD. 

As the data in Table 1 indicates, the damping effectiveness is a function 
of mass/density with other parameters probably playing equal parts. For 
instance, 0.18 mm diameter steel shot performs better than other particles for 
the modes at 3807 Hz and 4309 Hz frequencies, while nickel powder damps more 
than other particles at 4257 Hz frequency. Similarly, ZrOa was found to 
reduce vibration amplitudes in the above mentioned tests more than nickel or 
tungsten powders at 4309 Hz and 5239 Hz frequencies. However, in most cases, 
tungsten performs better than the rest. These facts indicate that vibration 
reduction by NOPO is a complex function of the material and size of particles 
relative to the cavities they are in. Hole diameter, density, and perhaps 
other characteristics of each type of the particles related to adhesive and 
cohesive forces, viscosity, friction surfaces and flexural properties, also 
contribute to the overall effect. 

The NOPO technique is proven to be a very effective vibration damping 
methodology that has potential applications in all areas of structural 
vibration and acoustics. The tests presented herein show effectiveness in the 
high frequency range, but preliminary test data has indicated effectiveness 
under low frequency vibrations as well. Moreover, the NOPD concept is simple, 
easy to implement (holes can be made a part of the manufacturing process) and 
is relatively inexpensive. It has advantages over viscoelastic damping, since 
its effectiveness is Independent of the environment (when appropriate 
particles are used), has more mechanisms for energy dissipation, does not add 
mass (it often can actually reduce mass) and does not degrade in time (among 
others). Furthermore, damping can be optimized through experiment and 
analysis by choosing the right location and size of holes in a structure, and 
by determining the optimal size-shape-kind (or even mixture) and the 
fill/compaction of the particles utilized. 
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Table I. Amplitudes and Damping Ratios of LOX Inlet Tee Splitter Vanes 

Under Various Materials Damping 


Mode 

Frequency, Amplitude, 
Damping Reduction 
Factor 

Holes Filled With Different Materials - 3/4 Full 


Empty 

Steel 23 

Zirconium 

Oxide 

Steel 7 

Steel 11 

Nickel 

Powder 

Tungsten 

Powder 


Frequency (Hz) B 

Amplitude (g/lb) 
Damping ratio 
Vibration 

Reduction factor 


3,805 

30.5 

0.0009 

1 

3,805 

26.3 

0.0009 

1 


1 

3,807 

29.3 

0.001 

1.2 

3,804 
: 27.5 

0.0011 

1.25 

M 

O 

D 

E 

1 

Frequency (Hz) B 

Amplitude (g/lb) 
Damping ratio 
Reduction factor 

4,064 

57.5 

0.0009 

4,063 

43.4 

0.0011 

1.2 

4.061 

39.8 

0.0012 

1.3 

4,061 

37.3 

0.0013 

1.4 

HRS 

4,057 

29.0 

0.0017 

1.9 

4,056 

25.2 

0.0016 

1.8 

M 

O 

D 

E 

2 

Frequency (Hz) T 

Amplitude (g/lb) 
Damping ratio 
Reduction factor 

4,257 

27.6 

0.0015 

4.258 

32.6 

0.0011 

-1.2 

4.256 

27.1 

0.0015 

1 

4,259 

30 

0.0012 

-1.1 

4,257 

30.5 

0.0012 

-1.1 

4,257 

20.4 

0.0013 

1.4 

4.258 

25.5 

0.0013 

1.1 

M 

O 

D 

E 

3 

Frequency (Hz) T 

Amplitude (g/lb) 
Damping ratio 
Reduction factor 


4,308 ' 
48.5 
0.0013 
1.14 


4,308 

52.8 

0.0013 

1.06 

■rcVH 

nj 

4,306 

46.4 

0.0016 

1.2 

4,306 

41.5 

0.0015 

1.34 

M 

O 

D 

E 

4 

Frequency (Hz) T 

Amplitude (g/lb) 
Damping ratio 
Reduction factor 

4,748 

70,1 

0.0008 

HRS 

4,743 

42.7 

0.0009 

1.64 

4,741 

41.1 

0.001 

1.7 

4,740 

37.0 

0.0013 

1.9 

4,737 

35.0 

0.0017 

2 

4,734 

18.2 

0.0028 

3.9 

M 

O 

D 

E 

5 

Frequency (Hz) T 

Amplitude (g/lb) 
Damping ratio 
Reduction factor 

5,021 

52.8 

0.0006 

HgTQH 

H 

5,018 

27.6 

0.001 

1.9 

5,015 

20.4 

0.0012 

2.6 

5,014 

18.9 

0.0015 

2.8 

5,010 

17.1 
0.0017 

3.1 

5,010 

9.4 

0.0035 

5.6 

M 

O 

D 

E 

7 

Frequency (Hz) T 

Amplitude (g/lb) 
Damping ratio 
Reduction factor 

* 5,239 
29.5 
0.002 

5.233 

26.4 

0.0028 

1.12 

5,234 

26.3 

0.0025 

1.12 

5,235 

20.5 

0.0034 

1.44 

5,232 

22.6 

0.0025 

131 

5,232 

32.7 

0.0016 

-1.11 

5,234 

30.9 

0.0017 

-1.05 

M 

O 

D 

E 

6 

Frequency (Hz) T 

Amplitude (g/lb) 
Damping ratio 
Reduction factor 

5,606 

7.9 

0.001 

5,604 

7.0 

0.00011 

1.13 

5,603 

7.0 

0.0011 

1.13 

5,605 

6.0 

0.0012 

1.32 

HQ| 

5,593 

6.9 

0.001 

1.15 

5,593 

6.4 

0.001 

1.2 

M 

O 

D 

E 

8 


Note : B - Bending Mode 
T = Torsional Mode 

Reduction factor = Amplitude empty - 7 - Amplitude filled 


13 


























































































6.00E + 01 


§ 

1 


5.00E + 00 

4.99E + 03 Frequency (Hz) S.0SE *- 05 

90PD-024-001 

Figure 5. Accelerance Amplitudes of 
a Torsional Mode at 5021 Hz Under 
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Figure 7. Accelerance Plots to Show Damp 
ing with Various Materials for a Torsional 
Mode of the LOX Inlet Tee Splitter Vane 
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Introduction 

Consider the Daniels system in Fig. 1 with n brittle fibers of 
independent identically distributed resistances (R*), i - 1, 2, n, that 

is subject to a random load process S(t). It survives in any of the damage 
states m - n, n-1, 1 having m unfailed fibers and n-m failed fibers. 

System collapses when damage state m-0 is reached. Let Y m be the residence 
period in damage state m. System reliability in a time interval (0,r) is the 
probability 

n 

P At) - P( 2 Y > r) (1) 

o , m 

m-1 

n 

chat time to failure Z Y exceeds service life r. 

, m 
m-1 

Figure 2 shows a place with a crack of initial length 2a 0 that is 
excited dynamically by stresses S(t), t > 0, normal to the crack. Let A(t) be 
half crack length at time t. System reliability can be defined as probability 

P $ <0 - P(A(r) < a a , 0 < t <_r) (2) 

where a a is a specified critical crack length. The determination of this 
probability poses significant difficulties due to the coupling between system 
response and crack growth rate. 

The paper develops methods for estimating system reliabilities P s (r) in 
Eqs. 1 and 2 and corresponding failure probabilities P F (r) - 1 - P s (r). The 
analysis is based on properties of conditional differential random processes 
and one-dimensional diffusion models. 


Daniels Systems 


It is assumed that fibers are brittle linear elastic with stiffness K and 
damping C, unfailed fibers share equally the load, and system response is a 
mean square differentiable process that takes on positive values with nearly 
unit probability. Let X_(u) be system displacement in damage state m and u 
«(0, Y„) be a local time in this state. System response is 


X m (u) " Sk S(Y n + 


+ Y m+1 + u) 
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for quasistatic excitations and satisfies the differential equation 

X (u) + 2 f 0 ) X (u) + « 2 X (u) - i S(Y + ... + Y . + u) , 
m mmm mm M n m+1 

(4) 

in which C - — f — — c<) , f - Cn/(2w M), w — J nK/M, and M *■ the 

*m Jn n m Jn n n n n 

system mass, for dynamic excitations. 

Consider a sample < i 2 < ... < of the ordered random resistances R, 
< k 2 < ... <1^ and denote by the critical threshold in damage state m. 
Damage state m begins when X m+! (u) first upcrosses £ m+l and ends when X^u) 
first upcrosses £ m . Probabilistic characteristics of X^u) can be obtained 
from Eqs. 3 and 4 under initial conditions X m (0) - £ m>1 X m (0) - Z m+1 - 
Xm*i(Y m+1 )| (a | m+1 -upcrossing of X m+l (u) at time u - Y m+l ). It can be shown that 
Z m+l follows probability (1) 


‘m+1 


(z I e 


m+l * 


z f(z | £ 


m+l 


(5) 


dz z f(z | £ 

« 


m+l 


where f(z | is the probability of X^, (Y mM ) | X.^ (Y m+1 ) - 

Denote by u m (u) the mean ^-upcrossing rate of X„(u) j (X m (0) 

X^O) - z m+1 > 0} at time u £ 0. Assuming that the sequence of £ m -upcrossings 
follows an inhomogeneous Poisson process of intensity u m (u), probability of 
event (Y m < y) given the above initial conditions on X m (u) 

y 

can be approximated by exp (- J v m (u) du > • The safety requirement in Eq. 

1 becomes ^ 


E F 
m-1 


Y I Y , . . . , Y 
m 1 n 


• (*(U )'* - r>0 

■ 1( z .Z . , X (0), X (0) WU 2(n-m)+3 ; ' 

m+l n m+l n n 

( 6 ) 


in which $ - the distribution of the standard Gaussian variable, — 

independent Gaussian variables with zero mean and unit variance, and functions 

F are distributions of conditional random variables Y m | Y # .Y m+1 , Z n , 

. .., Z B . lt X,(0), X.(0) where (X ll (0), X B (0)} define the initial state of the 
system. First and second order reliability methods (F0RM/S0RM) discussed, 
e.g., in Ref. 2 can be used to calculate probabilities P s (r) and P F (r) based 
on the safety condition in Eq. 6. 

Figure 3 shows the probability of failure for a Daniels system with n-2 
fibers of deterministic strength £| - 1.25 and — 3.00 subject to a 
quas£static load process S(r) - d(r+e) S(r), where €-0,1, d(a) - l-e* 5 , 
and S(r) is a stationary Gaussian process with mean 2 and covariance function 
(1 + \t 1 -t 2 \) exp (- |t j * Tj |). Results have been obtained by F0RM/S0RM 
algorithms applied to the safety condition expressed in the standard Gaussian 
space given in Eq. 6. 
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Plate with Crack 


Consider the massless isotropic and homogeneous plate in Fig. 2 with an 
initial crack of length 2a 0 that has an infinitely stiff element of mass M at 
its free end. The plate is subject to stresses S(t) normal to the crack. Let 
2A(t), X(t), and g(A(t)) be crack length, plate deformation, and plate 

stiffness at time t > 0. Displacement process X(t) satisfies differential 
equation 


M X(t) + C X(t) + g(A(t)) X(t) - S(t) (7) 

where C denotes system damping. Stiffness function g(a) can be obtained 
numerically for various values of the crack length and plate geometry. This 
function is approximated by 

g(a)/g( 0 ) - 1 - 1.708x J + 3.08 lx 4 - 7.036x 6 + 8.928x* - 4.266x 19 ( 8 ) 
for i -1 where x- 2 a/i. 


It is assumed that (i) S(t) is a stationary broad band Gaussian process, 
(ii) X(t) is positive with nearly unit probability, (iii) system is lightly 
damped, and (iv) crack growth is slow. Thus, the probability law of system 
response X(t) varies slowly in time so that it can be approximated by a narrow 
band Gauss ian process with central frequency w(A(t)) - 

Jg(A(t))/M. Let H(t) be the envelop of X(t) and R(t) - H(t)/JT a(A(t)) 

11 G 0 M 

where a(A(t )) 9 as i s the response variance at time t and G„ is 

the coordinate of the one-sided power spectral density of S(t) at frequency 

w(A(t)). It can be shown by use of the averaging method that R(t) satisfies 
the stochastic differential equation ( 3 ) 


dR(t) - - p £ R(t) - 3 —:y j dt + J7 dB(t) (9) 

in which p — C/2M and B(t) — the Brownian motion process with independent 
identically distributed Gaussian increments dB(t) of mean zero and variance 
dt. Therefore, the range of displacement process X(t) at time t can 
be approximated by 2H(t) - 2jT a(A(t)) R(t). 


According to the Paris and Erdogan model, the rate of crack growth is (2) 


dA(t) 

dt 


<*>(A( t) ) 

2 it 


a [Ax(t) 


( 10 ) 


where a and 0 are coefficients and Ax(t) denotes the range of the stress 
intensity factor. Let h(a) be the stress intensity factor at the crack tip in 
Fig. 2 corresponding to unit stresses and a crack of length 2a. This function 
can be obtained numerically and is approximated by 

h(a) - Jx (0.467 - 0.514x + 0.960x 2 - 1.421x 3 + 0.782x 4 ) ( 11 ) 

for i-1. Thus, stress intensity factor range A*(t) is equal to h(A(t)) 
g(A(t)) 2 H(t). From Eqs. 9 and 10, process (R(t), A(t)) is a bivariate 
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diffusion process satisfying the stochastic differential equation 


dR(t) - * p [ R(t) - 2R ^ t) j dt + J7 dB(t) 


P 


[ dA( t) - tj w(A(t)) R(t) dt 


( 12 ) 


where t] - 


2n 


2tt 


P 


*G 


J c 


and w(a) 


- u>(a) [ 


h(a) Jg(a) 


r- 


These equations can be used to calculate the first passage time of A(t) 
relative to level a cr (l). 

An alternative approach can be based on the solution 


A(t) - * 


-1 


[ *(a Q ) + f R(s)* ds ] 


(13) 


where dtf(a) - da/(»j w(a)). Since process A(t) has almost surely monotonically 
increasing samples, reliability Pj(r) is 


P s (r) - P (R(r) < x cr ) 


(14) 


7 

-I 


where x - tf(a ) - tf(a Q ) and R(r) - R(s) ds. Thus, P g (t) coincides 


with the distribution of random variable R(t) evaluated at x^. 


An approximate method for calculating the distribution of R(r) can be 
based on the observation that random variables R(t) and R(s) are strongly or 
weakly correlated when |t-s| < r w or |t-s| > where is the correlation 

time of R(t). This suggests to approximate R(t) by a stationary independent 
series with time step and the same marginal distribution as R(t) that 
takes on constant values within a time step. According to 
this approximation R(r) has mean 


E R(r) 


n r 


r 

cor 



(15) 


variance 


Var R(r) 



r 

cor 


[ r(i + 0 ) - r(i + 



(16) 
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and characteristic function 


^(u) - E[e lu *^] - [J(u r cor )] n (17) 

where r - n r m and ? is the characteristic function of random variable 

R(t)0. Assuming that R(r) follows a Gaussian distribution reliability can be 
obtained from 


P s (r) - * 



(18) 


where # - the distribution of the standard Gaussian variable. The Gaussian 
assumption is asymptotically correct as r -* «o. Alternatively, 

the distribution of R(r) can be obtained from the characteristic function in 
Eq. 17 and the inversion theorem that gives (4) 


F(x) 



1 r e tuX *(-u) - e~ tux *(u) 
2 * J lu 

0 


du 


(19) 


System reliability coincides with this distribution evaluated at x ■ x„, i.e., 

P $ (0 “ F(x er ) (20) 

Figure 4 shows reliabilities in Eqs. 17 and 20 and Eq. 18 as a function 
of crack length 2a, for the plate in Fig. 3 with thickness of 0.1 in, Jt - 1 
in, M - 0.3 ib sec J in’ 1 , c - 20 ib sec in', a, - 0.05 in, G 0 - 0.0179 ib 1 sec 
in , n - 100, r m - 0.0479 sec, a - 0.66 x 10 -4 , and fi - 2.25. Results by the 
two approximate methods practically coincide. 

Conclusions 

Reliability has been determined for two degrading dynamic systems subject 
to random load processes. Damage is caused by loss of components for Daniels 
systems and crack extension for plates with cracks. The analysis has 
accounted for the coupling between response and current damage state of the 
system. It is based on mean crossing rates of conditional processes and 
properties of diffusion models. Simple systems are used to illustrate 
proposed methods for estimating reliability. 
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ABSTRACT 


,.!*? ° bj ® ctlv ? °* tha ; s Paper is to set up and analyze benchmark problems on 
multibody dynamics and to verify the predictions of two multibody computer 
simulation codes. TREETOPS and DISCOS have been used to run three example 
problems — one degree-of-freedom spring mass dashpot system, an inverted 
pendulum system, and a triple pendulum. To study the dynamics and control 
interaction, an inverted planar pendulum with an external body force and a 
torsional c °“^ol spring was modelled as a hinge connected two-rigid body 
system. TREETOPS and DISCOS affected the time history simulation of this 

p f° . e f.' ystem state space variables and their time derivatives from two 
simulation codes were compared. 


1.0 INTRODUCTION 


rowing interest in deploying flexible satellite and spacecraft structures 
or various applications in space has made the subject of multibody dynamics 
important again. Rigid and flexible systems interconnected in either closed 
or open-loop configurations that undergo large rigid-body motions and/or small 
elastic deformations constitute the class of problems referred to as multibody 

k * >redict f on and control of systems for a combination of 
rigid and flexible-bodies motions are formidable tasks, but must be considered 

as part of the design strategy of multibody dynamic systems. The application 

of appropriate multibody dynamics analysis methods can achieve objective de¬ 
sign of these systems. J 

.. Th k primar J objective of this paper is to address Likin’s question(1) on 
he absence of objective evaluation of government supported multibody computer 
codes. Two simulation codes— TREETOPS and DISCOS were selected for 
evaluation. Three example problems were selected for analysis: they are a 
single degree-of-freedom spring mass system, a triple pendulum system, and an 
inverted pendulum with the base acted upon by a constant force. Time domain 
results for all three example problems obtained from both codes are discussed. 
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2.0 PAST RESEARCH 




Two decades of research has produced a wealth of information about the 
dynamics of multibody systems. Of late, spacecraft components, large space 
structures and robotic manipulators with control elements were modeled as a 
combination of rigid and flexible bodies with an expanded generality to the 
system mathematical modeling and formulation of equations of motion. 

Emphasis was given to the solution methods amenable to computers. Efficient 
dynamic simulation codes development was the major thrust. 

Proceedings of the SDIO/NASA sponsored workshop on multibody simulation (2) 
provide important recent developments for computer simulations of rigid, flex¬ 
ible mulibody machine and space structures. Fletcher, et al (3) derived 

Newton-Euler equations of motion for two point-connected rigid bodies. Hooker 
and Magulies (4) formulated a generalized procedure for several multibodies. 
Kane (5,6) introduced a new approach called Lagrange’s form of D’Alembert’s 
principle. This method contained the idea of generalized speeds for rapid 
computation of simulation problems. Meirovitch (7) derived the equations of 
motion of flexible spacecrafts and appendages by the conventional Lagrange’s 
method. 

To adapt mathematical methods for computer simulations, Fleischer (8) was 
the first to program the Eooker-Margulies equations. Several multibody 

simulation codes such as DISCOS (9), MBODY, TREETOPS (10A,10B), ADAMS (11), 
SADACS, MIADS, and CONTOPS have been developed. Some are designed for specific 
applications, while others claim to be general purpose programs. Kim and 

Haug (12) proposed a multibody dynamics verification library and presented 
results of DADS, DISCOS and CONTOPS. 


3.0 MULTIBODY DYNAMICS COMPUTER PROGRAMS 

Two computer codes specified for this study, DISCOS and TREETOPS, are 
briefly discussed in this section. Three example problems: (1) a spring-mass- 
damper system, (2) a tripe pendulum system, (3) an inverted pendulum system 
were selected and solved using each code. 


3.1 TREETOPS 

TREETOPS is a time history simulation of motion of a complex structure of 
interconnected flexible or rigid bodies at hinges. The equations of motion 
used by this code were derived via Kane’s method, which is the generalization 
of Lagrange’s form of D’Alembert’s principle. In addition to geometry and 
material properties of the bodies of the structure, TREETOPS requires infor¬ 
mation such as the numerical integration type,time step size, plot-data output 
interval, simulation run time and other user supplied options. 

The user can enter necessary data into the computer by running the interactive 
setup program TREESET, which acts as an interactive preprocessor to help the 
user enter and edit data in the various TREETOPS programs. 
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3.2 DISCOS 


DISCOS (Dynamic Interaction Simulation of Controls and Structure) is another 
computer code written for the dynamic response analysis of topological systems 
of connected rigid bodies. It uses the general form of Lagrange’s equations to 
derive the equations of motion. Lagrange multipliers are used as interaction 
forces and/or torques to maintain prescribed constraints. 

DISCOS was used to study the stability of an inverted pendulum and to calcu¬ 
late the force which balances the system when the pendulum is released from a 
given initial position. 


3.3 EXAMPLE PROBLEMS 

3.3.1 Spring-Mass-Damper Problem 

The first example is a single degree-of-freedom spring-mass-damper system, 
shown in Figure 1A. The oscillatory displacement of mass plotted against time 
is shown in Figure 2. Both TREETOPS and DISCOS predicted identical results. 

3.3.2 Triple Pendulum Problem 

The second problem consists of three pendulums (rigid bodies) connected at 
the hinged joints as shown in Figure IB. The body 1 from its initial -30 
degrees and bodies 2 and 3 from parallel positions were released. Figure 3 
shows time history response of hinge 1, and other time histories of position 
and angular velocity are reported in Reference 13. 

3.3.3 Inverted Pendulum Problem 


Figure 1C shows the inverted pendulum mounted on a cart which is acted upon 
by a constant force of 10 Newtons. The cart is free to move in a horizontal 
direction unlike the previous two problems where translational motion of one 
hinge point was constrained. DISCOS and TREETOPS were used to obtained 
histories of positions and angular velocities of the hinge for the first 10 
seconds. Details of these plots are shown in Reference 13. Figure 4 shows 
the hinge angle as a function of time. 

3.3.4 Stability of Inverted Pendulum 


The stability of the inverted pendulum was tried by feeding back a force on 
the cart. A constant row vector which is multiplied to state variables were 
determined from the characteristic values of the state differential equations. 
These nonlinear differential equations were solved numerically and plots were 
obtained for comparison with DISCOS predictions. The problem was run on DISCOS 
with 10 degree initial hinge angle displacement which was used to represent a 
kind of disturbances. Results show that the hinge angle starts to decrease as 

the computed force is applied to the cart and crosses the neutral line (upright 
position of the pendulum) twice before the system approaches the stable posi¬ 
tion asymtotically . DISCOS results are in good agreement with theoretical 

predictions as shown in Figure 5 and 6. 
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4.0 RESULTS AND DISCUSSION 

From the results of all three example problems solved by both DISCOS and 
TREETOPS codes (i.e. time history plots of position, both linear and angular 
velocity, and acceleration), it can be concluded that both codes predict iden¬ 
tical results. These identical simulation results support the conclusion in 

Reference 14, which states that all approaches used to derive equations of the 
motions will produce equivalent mathematical representatives. Reference 14 
compares both these codes and presents capabilities and limitations. It also 
recommends a few baseline simulation tests using simplified and idealized con¬ 
figurations be conducted to eventually include actual configurations. 
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Fig. 1A A Spring-Mass-Damper System 
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Fig.1C An Inverted Pendulum System 


Fig. 1 Three Example Problems 
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INTRODUCTION 

The issue of the utility of multilevel decomposition and optimization remains controversial. To date, only the 
structural optimization community has actively developed and promoted multilevel optimization techniques. (See 
reference 1 for a thorough overview and discussion of existing techniques.) However, even this community 
acknowledges that multilevel optimization is ideally suited for a rather limited set of problems. Reference 1 warns 
that decomposition typically requires eliminating local variables by using global variables and that this in turn 
causes ill-conditioning of the multilevel optimization by adding equality constraints. The purpose of the present 
paper is to suggest a new multilevel optimization technique. This technique uses behavior variables, in addition to 
design variables and constraints, to decompose the problem. The new technique removes the need for equality 
constraints, simplifies the decomposition of the design problem, simplifies the programming task and improves the 
convergence speed of multilevel optimization compared to conventional optimization. 

STATE-OF-THE-ART MULTILEVEL OPTIMIZATION 

Multilevel optimization is illustrated by the schematic in figure 1. The figure represents a three level decomposition 
of a general optimization problem into subproblems such that each desip variable is assiped to one and only one 
subproblem. Starting with the lowest level, each subproblem (e.g. sub 3-1) is optimized with respect to its subset of 
desip variables, holding all other desip variables fixed. The objective of all subproblems is to minimize constraint 
violation. At the lowest level, only local constraints must be considered. However, at the middle level (e.g. sub 
2-2), design variables may not be changed in a way which would violate lower level constraints. Fi nall y the system 
level optimization minimizes the cost function (objective) without violating constraints in any subsystem. The 
whole process is repeated until the values of the cost function and constraint violations are acceptable. 

The key to multilevel optimization implementation is efficient mi nim ization of constraint violations in each 

subproblem. Figure 2 illustrates how an envelope function (Cl) is used to fit multiple constraint functions (g). This 

i 

envelope or cumulative constraint function is defined as: 

D* 1 In [ Ie pg ] ( 1 ) 

where p is an adjustable smoothing factor. Each subproblem minimizes fl(p.y) where p is a vector of fixed 
parameters and y is a vector of local design variables. The subproblem also calculates sensitivity derivatives 
(dQ/dp.) at the solution point 
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In the problem illustrated by figure 1, the four subproblems on the lowest level would minimize cumulative 
constraint functions flj, f^, O^and fl 4 . At the next level, the third subproblem (sub 2-3) treats 0^ and as if these 

were local constraints. The local design variables in sub 2-3 are some subset of the p. which were fixed parameters 

influencing sub 3-3 and sub 34. Thus, the derivatives (dft/dp) calculated at the lowest level can be used to estimate 
new values of each Q. At the system level, the actual cost function is minimized such that the constraints from all 
subproblems remain feasible (tl<0) or such that initially infeasible constraints do not get any worse. 


Decomposition techniques 

Multilevel optimization works very well for all system design problems which decompose readily into subsystems. 
Figure 3 illus t rat es the decomposition process. A grid of all system design variables (x) all subsystem design 
variables (y) and all constraints (g) is constructed. The grid is ordered with the system design variables first. The 
blocks indicate which constraints are functions of which design variables. In this simple example, it is easy to 
identify three subproblems with the first two constraints in sub 2-1, the next two in sub 2-2 and the final two in sub 
3-1. Notice that sub 2-1 and 2-2 belong on the highest level of subsystems because they are functions of x. Sub 3-1 
is on the level below that and connected to sub 2-1 by the first and second y design variables. 

Unfortunately, not all system design problems are easy to decompose. Figure 4 illustrates a typical situation which 
occurs when some of the "fixed parameters" are not really independent design variables. Notice that in this problem, 
a fixed parameter in the lowest level, v , is not an independent design variable, but rather, a behavior variable which 

is a function of variables v and y. at the middle level. Multilevel optimization is possible but the approximation of 

« J 

ft at the middle level becomes more complicated. For instance, 

n 3 (y 3 +Ay 3 ) = W + (0« 3 /9y 3 ) + 0nj/av 1 X3v 1 /3y 3 )} (AyJ (2) 

If there are numerous behavior variables, then the programming logic required to resolve such approximations can 
quickly get out of control. 

Novel Implem entation technique 

A novel way to simplify the coding is similar to the approach presented in reference 2. The dependency grid 
concept is extended to include behavior variables,v, and cumulative constraints, ft, as shown in figure 5. This 
dependency grid is turned into a matrix, denoted r, by putting a 1 in each diagonal box, putting negative sensitivity 
derivative values in each shaded box and putting a zero in each blank box. For instance, a lightly shaded box in row 
v and column y^ is replaced by the most recent value of (-dv^/dy^). 

This global sensitivity matrix, r, is very useful. If a value for (Sft^/ dy^) required, a column vector, f), which has 
zeros in each row except for a 1 in the row which corresponds to y^ is constructed. The solution vector, d, to the 
system of equations 

[r]d * p (3) 

will contain the total sensitivity derivatives with respect to y . For instance, the row of d which corresponds to Oj 
will contain 


(dtydy 3 ) = (30 3 /3y 3 )+{3n 3 /3v 1 )Ov i /3y 3 ) 
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It is important to understand that the global sensitivity matrix, r, is updated as the multilevel optimization 
progresses and that equation 3 is solved by each subproblem above the lowest level. The matrix r is i nitiall y the 
identity matrix. Each subproblem produces sensitivity derivatives (3fy3p) and stores these in the appropriate 
locations of r. Those subproblems which evaluate behavior variables also calculate and store derivatives of 
behavior variables with respect to local design variables. Equation 3 can be solved for many different right hand 
side vectors thereby providing high quality gradients of each Q with respect to all local design variables. 

A global sensitivity matrix can also be cicated and used in the conventional optimization process (i.e. with no 
decomposition into subproblems). In that case, the rows and columns are design variables, behavior variables and 
constraints. The global sensitivity derivatives (dg/dy) and (dg/dx) include the effect of any behavior variables and 
can be used by the nonlinear programming algorithm to estimate more accurate search directions. 

RESULTS 

Table 1 contains results for several test cases comparing conventional approach (including global sensitivities) and 
multilevel approach. These test cases are generated and optimized using an extension of the multilevel simulator 
reported in reference 3. The multilevel cases are run to convergence. The conventional approach begins with the 
same initial values of design variables and is terminated after using approximately the same number of function 
evaluations as required by the multilevel approach. Three test cases are reported here. As noted in table 1, these 
cases vary in the number of design variables, number of constraint functions and number of behavior variables. The 
initial conditions are also varied (g*0 is defined as the feasible region). In each case, the quality of the multilevel 
solution far exceeds that of the conventional approach in terms of smaller objective and constraint values. 

The comparison between multilevel and conventional approaches would be even more lopsided if table 1 compared 
the number of constraint function evaluations required to converge to a global minimum. The conventional 
approach tends to follow constraint boundaries and therefore converges very slowly as more and more constraints 
become active. Multilevel approach, on the other hand, minimizes the constraint violation for each subproblem. 
Thus, the system level optimization begins far from most constraint boundaries and has considerable freedom to set 

the system level design variables. This is one reason why the multilevel optimization converges much faster than 
the conventional approach. 

Figures 6-8 contain detailed convergence histories of the three problems. Objective (Obj) and maximum constraint 
value (Gmaxsmax g.) are plotted against number of constraint function evaluations. Notice that the conventional 

approach performs well when the initial design is in the feasible domain (figure 8) and performs poorly when the 

initial guess is far from the feasible domain (figure 7). On the other hand, multilevel approach performs equally well 
from any starting point. 


CONCLUDING REMARKS 

In conclusion, multilevel optimization can be implemented using a global sensitivity matrix. This formulation is 
easy to code because each subproblem is very similar and because all the coupling information is preserved in the 
sensitivity matrix. This formulation extends the usefulness of multilevel optimization to a much wider range of 
multidisciplinary design problems because decomposition is simplified if behavior variables are allowed. This 
method is particularly well suited to problems with large numbers of design variables and with computationally 
expensive constraints. The recent tests suggest that multilevel optimization converges much more rapidly than the 
conventional approach for such problems. 
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A. Test Problem Characteristics 

Initial conditions 

infeasible 

•-f—i.i. 

iwaswe 

feasible 

Design Variables 

50 

50 

66 

Constraints 

33 

33 

46 

Behavior Variables 

0 

4 

10 

B. Multilevel Results 

Obj 

.51 

.38 

.15 

Gmax 

.05 

.00 

.00 

C. Conventional Results 

Obj 

.83 

.54 

.31 

Gmax 

.25 

11.10 

.00 

L_ 


Table 1. Comparison of test problem results. 



Figure 1. Schematic of a three-level optimization problem. 
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Figure 2. Envelope function used as cumulative constraint measure. 
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Figure 3. Grid of information used in decomposition process. 


Figure 4. Multilevel decomposition with behavior variables. 
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Figure 7. Comparison of optimization results (4 behavior variables) 
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ABSTRACT 

In recent years there have been several hierarchic multilevel optimization algorithms proposed and implemented in design * 
studies. Equality constraints are often imposed between levels in these multilevel optimizations to maintain system and 
subsystem variable continuity. Equality constraints of this nature will be referred to as coupling equality constraints. In 
many implementation studies these coupling equality constraints have been handled indirectly. This indirect handling has 
been accomplished using the coupling equality constraints' explicit functional relations to eliminate design variables 
(generally at the subsystem level), with the resulting optimization taking place in a reduced design space. In one multilevel 
optimization study where the coupling equality constraints were handled directly, the researchers encountered numerical 
difficulties which prevented their multilevel optimization from reaching the same minimum found in conventional single 
level solutions. The researchers did not explain the exact nature of the numerical difficulties other than to associate them 
with the direct handling of the coupling equality constraints. 

In this paper, the coupling equality constraints are handled directly, by employing the Generalized Reduced Gradient (GRG) 
method as the optimizer within a multilevel linear decomposition scheme based on the Sobieski hierarchic algorithm. Two 
engineering design examples are solved using this approach. The results show that the direct handling of coupling equality 
constraints in a multilevel optimization does not introduce any problems when the GRG method is employed as the internal 
optimizer. The optimums achieved in this study are comparable to those achieved in single level solutions and in multilevel 
studies where the equality constraints have been handled indirectly. 


INTRODUCTION 

Recent studies (1-8) in the area of multilevel optimization have shown that it is a viable method for solving large non-linear 
design problems. In multilevel optimization, the main design problem at the top level is decomposed into a hierarchical tree 
consisting of subproblems at the lower levels. A coordination problem is introduced to preserve the coupling among these 
subproblems. The advantage of the decomposition is that it allows the subproblems to be analyzed and optimized 
independently with the coupling providing continuity between the levels. 

In many multilevel optimization schemes one component of this coupling is achieved by placing equality constraints on 
various design variables between successive levels. In several implementation studies these equality constraints are 
eliminated explicitly and handled in some indirect fashion. Sobieski et al. (2,3) in their portal frame example implicitly 
enforced the equality constraints by eliminating variables at the lower levels. This is possible when an explicit relationship 
between local level and global level variables exists. Haftka (7) used two inequality constraints to replace the equality 
constraints in his multilevel approach to the same portal frame problem. 

Thareja and Haftka (6) encountered numerical difficulties when handling equality constraints directly in a multilevel 
optimization. The numerical difficulties prevented their multilevel optimizing algorithm from reaching the same global 
minimum found in single level solutions. In an effort to avoid equality constraints Thareja and Haftka (8), have extended 
Haftka's earlier technique (7) in their single-level approach to hierarchical problems. The method provides a decoupling 
technique to form a single level problem which avoids equality constraints. The method is proposed for structural 
optimization. This decoupling may not always be an alternative in more complex engineering problems. 

The objective of this paper is to demonstrate the utility of the Generalized Reduced Gradient (GRG) method for handling the 
coupling equality constraints directly in a multilevel optimization. The GRG method is used as the optimizer for both the 
system and subsystem optimizations within a multilevel optimization based on the Sobieski hierarchic algorithm (1-3). The 
coupling equality constraints imposed between system and subsystem variables are handled directly by the GRG optimizer. Two 
engineering design examples are solved, one being a two level study of the portal frame problem (2,7) and the second being a 
two level study of the speed reducer example (4,5,10-13). Numerical results are comparable with published results for both 
examples. 


SOBIESKI HIERARCHIC ALGORITHM WITH THE GRG OPTIMIZER 

Jaroslaw Sobieski of NASA Langley Research Center proposed a linear decomposition scheme (1) for hierarchic multilevel 
optimization in 1982. The algorithm has since been implemented in both two and three level design formulations (2,3). The 
algorithm requires an internal optimizer at both the system and subsystem levels. In the Sobieski test studies (2,3) the 
CONMIN (16) optimizer was employed as the internal optimizer, where the coupling equality constraints were enforced 
indirectly through variable elimination prior to optimization. 

In this study OPT3.2, a FORTRAN implementation (14) of the GRG method is employed as the internal optimizer, with 
the coupling equality constraints being handled directly. In general a user can input equality constraints directly, when 
employing a GRG optimizer. In its optimization routine the GRG method divides the vector of design variables into two 
classes, nonbasic and basic variables, and employs the implicit function theorem to formulate a reduced, unconstrained 
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problem in the nonbasic variables. This problem is then optimized using a linear measure of the gradient of nonbasic 
variables (generalized reduced gradient). An important feature of the GRG method is that it can actively make variable basis 
changes when required during optimization. This differs from the fixed choice inherent to an explicit variable elimination. 

A brief description of the Sobieski hierarchic algorithm for a two level formulation is presented in this section. In a two- 
level optimization, the original overall system design problem (standard form) is decomposed into a single problem at the 
system level and one subproblem for each element at the lower level. In general some of the system variables (global) are 
functions of the subsystem variables (local). At the system level only the global variables are used in the overall system 
optimization. A linear approximation of the subsystems (eq. 4) is monitored at the system level in order to preserve inherent 
coupling. The global variables being optimized at the system level serve as design parameters for the subsystems. Therefore 

the subsystem design space consists of only its own local variables, with the global variables fixed at the sublevel and acting 
as parameters. 


At the subsystem the relationships between global and local variables are maintained and take the form of coupling equality 
constraints linking the variables (eq. 9). The constraints of the original problem are divided between the system and 
subsystems dictated in part by the variable restructuring (i.e., global vs. local). At the subsystem level these constraints are 
incorporated into an objective function referred to as a cumulative constraint function (eq 8). The goal in the subsystem 
problem is to minimize the cumulative constraint function in terms of the local variables for a given global variable state. 
After optimizing a given subsystem, parameter sensitivity derivatives (15) are calculated for both the local variables and 
cumulative constraint function. These sensitivity derivatives are used at the system level in a Taylor series extrapolation to 
form linear approximations of both the cumulative constraint and the local variables. System constraints are formed which 
insure that the linear approximations of the subsystem's cumulative constraint function and of the local variables do not 
exceed their respective bounds (eq 4,5). These linear approximations are of course functions of the global variables only. 
Move limits of ±10% are imposed on the global variables (eq. 6) to maintain the sensitivity derivative accuracy. The 
algorithm loops through the system and subsystems in an iterative fashion until a converged solution is obtained. The 
standard form of a two level optimization can be represented as detailed below: 


SYSTEM LEVEL: 


Minimize: /(x) ( 1 ) 

subject to: 

gSj(x)S0 j=l ,2,3. J (2) 

h s k (x)=0 k= 1,2,3.K (3) 

(KS°+ (dKS/dx) T * (Ax)) e £ 0 e=l,2,.NE (4) 

or achieve a 50% improvement if KS° is positive (ref. 17) 
y* c < [y° c +((Ax) T * (dY/dX) e ) T ] £ y u e e=l,2,..NE (5) 

ABS(Ax) £ (0.10)* ABS(x*) (6) 

x 1 S x £ x u ( 7 ) 

where: 


x=[x | *X 2 vXj t *..x n ] 1 vector of global variables 

8 s system inequality constraint vector 

h S system equality constraint vector 


subsystem cumulative constraint function 


dKS/dx=[dKS/dx j.dKS/dx n ] T 

vector of KS sensitivity derivatives 
y=[y i .y 2 .y 3 .-yj] 1 vector of local variables (subsystem) 
dY/dX*{dYj/dX n ) (n x i) matrix of y sensitivity derivatives 

*r 

Ax=[Ax i ,Ax 2 *.Ax n ] 1 vector of global variable change 

subscript e refers to specific subsystem elements) 

superscript o refers to current value(s) at subsystem 

superscripts 1 & u refer to lower and upper limits 

NE total number of subsystems 

superscript * refers to initial values 


SUBSYSTEM: 

Minimize: KS(x*,y) = (l/ J p)*ln[I j e'^j( x *>y)] (8) 

subject to: 

h k (x* ,y)=(x* - f(y)) = 0 k=l,2 K e (9) 

where: 


* 

x 

fj(**.y) 

h(x\ y) 
KS(x*,y) 

P 


current global variable vector (fixed) 
local inequality constraint j=l,2,...,J 
normally stated as g(x*,y) i 0 

coupling equality constraint vector 

Kreisselmeier-Steinhauser function (11) 
used as a cumulative constraint function 

weighting factor in KS 


subscript k particular coupling equality constraint 
Kg coupling equality constraints at subproblem "e” 
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DIRECT HANDLING OF COUPLING EQUALITY CONSTRAINTS 

This research focuses on the direct handling of the equality constraints (eq. 9) which are used to maintain local variable (y) 

continuity with the current system level variable state (x ). In the Sobieski implementation studies (2,3), these equality 
constraints have not been handled directly but are enforced implicitly, using variable elimination. This implicit enforcement 
results from using the coupling equality constraints to eliminate K e local design variables by expressing them in terms of 

the fixed global variables. The resulting subsystem optimization then takes place in a reduced local design space without the 
equality constraints. This technique is not general and can only be used when an explicit relationship few* variable elimination 
exists. 

Although the Thareja and Haftka study (6) used a different multilevel optimization approach, we will discuss their work at 
this point. In their study, the subproblem optimization is based on minimizing the sum of the squares of the coupling 
equality constraints, where the coupling equality constraints have the same form as equation (9). Their subsystem inequality 
constraints are then imposed directly. They conclude that the direct use of these equality constraints introduces numerical 
difficulties which prevent a "true" optimum from being achieved. In fact their multilevel optimum was approximately fifty 
percent larger than the optimum found in single level solutions. Thareja and Haftka did not explain the exact nature of the 
numerical difficulties other than to associate them with the direct handling of the coupling equality constraints. 

The Sobieski formulation at the subsystem (eq. 8,9) can be handled directly when using the GRG method. In this study the 
coupling equality constraints (eq. 9) are not eliminated, and no loss of optimality is observed. It should be noted that the 
GRG method does not require that the equality constraints be explicit functions. Therefore the use of the GRG method 
allows for the most general implementation of the Sobieski algorithm. 

In the Sobieski algorithm, when equality constraints are handled directly (eq. 13), the optimizer must be able to handle 

infeasible starting points. This results from the fact that after a system level optimization is completed (new x*), the 
subsystem coupling equality constraints (eq. 9) are likely to be in violation. Most GRG method implementations allow 
infeasible starting points. 

In this study, the linear estimates of the local variables (eq. 5) are returned to the subproblems and used as the initial starting 
point for optimization. These linear approximations of local variables will tend toward satisfying the equality constraints and 
serve as an improved starting point for the subsystem optimization. Details of the GRG performance in finding a feasible 
starting point and of its optimizing performance are provided in the following engineering examples. 


PORTAL FRAME EXAMPLE 

The portal frame example which served as the test case for the Sobieski algorithm is recoded, and solved using the GRG 
code, OPT3.2 as the internal optimizer, and leaving the coupling equality constraints in explicit form. The portal frame 
shown in Figure 1 consists of three I-beams. The frame is designed subject to two loading conditions with the system level 
design problem being to minimize mass subject to frame displacement constraints. The global variables for each beam are 
the cross sectional area, "A" and area moment of inertia, "I." These terms are incorporated in the system level design vector 
x. For each individual beam (i.e., subproblem) the cumulative constraint function KS, is minimized (for local stress and 
buckling constraints), using the respective local design vector y, at each subsystem. These local variables, y are the cross 
sectional dimensions of each I-beam. 

The coupling equality constraints imposed at the subproblems require that the current system values of area and inertia be 
maintained as explicit functions of the local y vectors. This constrains the y variables to those combinations which produce 
the current x values (i.e., area and inertia). Formal details of the deflection and local stress constraints imposed on the frame 
can be found in ref. 2. Additional details of this research's implementation of the Sobieski algorithm, with the GRG 
optimizer can be found in ref. 17. 

The multilevel optimization of the portal frame using the GRG method as the internal optimizer produced numerical results 
which are improved, as compared to the Sobieski test case results. Table 1 details the optimized portal frame dimensions and 
system volume in comparison to Sobieski's results. It should be noted that the minimized volume achieved in this study is 
only slightly smaller than the result reported in the Sobieski test case. The differing optimums most likely represent two 
different local minimums for this highly non-linear problem. 

Figure 3 details the convergence history of the portal frame's volume, where each node represents the system optimum as 
found by the GRG optimizer during iterations of the Sobieski algorithm. At convergence the algorithm tends to cycle about 

a portal frame volume of 90,000. cm^ level. The minimum volume reported is simply the feasible minimum which occurs 
during these final cycles (see ref. 17 for additional details on cycling of the Sobieski algorithm). Figure's 4a and 4b detail the 
GRG optimizer's typical iteration history at the subsystems in the feasible start trial. The GRG optimizer was able to fully 
optimize the subsystem problems taking on average only 6 GRG iterations per cycle of the Sobieski algorithm. An upper 
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limit of 12 GRG iterations was imposed at these subproblems and was reached in only a few cases. This upper limit 

subsystem optimum from being reached for those few cases. This did not seem to impact the performance 
of the Sobieski algorithm. 

As noted earlier, the initial starting point passed to the subsystems from the system is generally infeasible, excluding the 
original initialization. The infeasibility results from the coupling equality constraints being in violation. In this study the 
u . pP&ntizer, during its phase 1 search, was able to generate a feasible starting point for all but 4 of the 132 subsystem 
optimizations (t.e., the locations of the "zero" GRG iterations shown in figures 4). In these cases the last point generated in 
e phase 1 search is passed back to the system level along with limited sensitivity information. This approach proved 
adequate, as the GRG optimizer was able to generate a feasible starting point in the subsequent subsystem optimization. 

The average of only 6 GRG iterations per subsystem optimization, along with the success of generating feasible starting 

points, can be considered "good performance," and clearly indicates the effectiveness of the GRG method in handling the 
coupling equality constraints imposed. 


GEAR/SPEED REDUCER EXAMPLE 

This example was originally modeled by Golinski (10,11) as a single level optimization. Several other optimization 
schemes have been applied to the problem including those by Lee (12) and Datseris (13). More recently Azarm and Li (4,5) 
solved the problem using a multilevel optimization scheme incorporating global monotonicity analysis. In their 
decomposition the variables being optimized at a given level are not explicitly related to those at other levels and therefore 
coupling equality constraints are not required. In complex large design problems it may not be possible to decompose 
problems such that variables are independent at different levels. 

TTie S°bicski algorithm which allows for interdependent variables between levels is applied to the speed reducer problem in 
tms study. The decomposition applied in this study involves variables which are explicidy linked between levels and 
™»etwecoupIing equality constraints are imposed. These coupling equality constraints are enforced directly using the GRG 

Fl *T 5 sbows a “hematic of the speed reducer, which has been optimized for minimum mass subject to shaft deflection 
Si?! 688 “" S ^ aintS 31,(1 gear tee* 11 stress/design constraints. The problem is decomposed, with the system level problem 
being to minimize mass subject to only shaft deflection and shaft stress constraints in a reduced design space. At the 

m maintain variable* con tin^t^ cons,ra,n,s 3(16 minimized in a KS function while applying the coupling equality constraints 


Ihe global variables for the system are defined as follows- 

* 1 = fj= shaft length 1 (between bearings) 

*2~ ^2 = length 2 (between bearings) 
x 3“ ^\~ shaft dia. 1 
x 4 = <* 2 = shaft dia. 2 

x 5 = partial gear volume (explicit function of subsystem variables) 
x 6= transmitted gear force (explicit function of subsystem variables) 

Where the coupling equality constraints for this formulation are; 

x 5 =0.7854 yjy 2 2 (3.333 y 3 2 +14.9334 y 3 - 43.0932) -1.5079(x 3 2 +x 4 2 )y, 
x 6 =94000./(y 2 y 3 ) 


The variables at the sub system or gear level 


* 1 - 

y 2 = 

y 3 = 


b= face width of the gear teeth 
m= teeth module or the inverse of 
diametrical pitch 
Z = number of pinion teeth 


01 ) 

( 12 ) 


Note that the partial gear volume, x 5 which is dependent on all three subsystem variables (gear dimensions) is reduced to a 
single measure of that volume at the system level. The transmitted gear force, x 6 which depends on the gear dimensions is 

? e V3riable at ? C S ? Stem ! eveL In ^ decomposition, volume (i.e., mass) is minimized at the system 
level using the shaft dimensions and x 5 (partial gear volume). This system level optimization is subject to shaft stress and 

deflection constraints, where the stress and deflection are caused by the transmitted force, x fi . At the subsystem (gear level) 

^if!^^ 88 COnStra ^ ltS . and three gear sizin 8 constraints are incorporated into a KS function. The KS function is 

y *, SP ? Ce) ? ub J ect L t0 two coupling equality constraints which restrict the y vector (gear dimensions) to 
combinations which maintain the current x 5 and x 6 values. Details of the decompositii used in this reSS be found 

in ref. 17, where the constraint equations and system level functions are patterned after those formulated by Lee (12). 
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Figure 6 details the two level structure of the speed reducer optimization, where the decomposition breaks the design along 
the lines of shaft and gear design. Table 2 details the results of using the GRG method as internal optimizer within the 
Sobieski algorithm. One sees the results are similar to those found in the single level approach by Lee, the heuristic 
decomposition of Datseris's and the multilevel study of Azarm and Li's. Figure 7 details the convergence history of the speed 

reducer's volume during the multilevel optimization applied in this study. 

The Sobieski hierarchic algorithm is based on monitoring linear measures of the subsystem at the system level. The linear 
approximations in this coding are based on sensitivity derivatives calculated using the Lagrange multiplier equations (15). 
The inputs to the Lagrange equations were calculated using analytic first and second order derivative information with 
Lagrange multiplier estimates from OPT3.2. These analytic inputs result in highly accurate sensitivity derivatives. The 
impact of the accurate sensitivity derivatives can be seen in the GRG method's performance at the subsystem. Figure s 8a an 
8b detail the iteration history of the GRG optimizer OPT3.2, at the subsystem for trials 1 and 2 respectively. In these plots 
the "zero" iteration points do not represent the GRG method's inability to generate a feasible starting point as in Figures 4 of 
the portal frame example. Instead "zero" iterations indicate that the linear extrapolations of the susbsystem vanables retimed 
from the system were feasible and optimal upon arrival to the subsystem. The Sobieski cycles requiring only one OPT3. 
iteration at the subsystem represent the case where the linear extrapolation returned from the system is infeasible, and the 
feasible point generated in the phase one search of OPT3.2 is optimal. Cycles requiring two or more OPT3.2 iterations 
represent an infeasible extrapolation from the system, followed by a phase one search, with a subsequent optimization using 
the GRG method. This example highlights both the robustness of the Sobieski hierarchic algorithm and the ability of the 

GRG method to handle coupling equality 


CONCLUSIONS ... ^ .... , 

Multilevel optimization methods are being considered for the design of increasingly complex systems. These muiuteve 

methods decompose large design problems into a hierarchical organization of smaller subproblems. The subproblems can be 
optimized independently with a coordination problem being introduced to handle system coupling. In the most general 
decomposition it is likely that variables between levels will be functionally related. The multilevel optimization schemes 
based on handling this type of decomposition introduce coupling equality constraints to maintain the variable relationships. 
In some implementation studies these coupling equality constraints have been handled indirectly through variable elimination 
(23). This elimination is only possible when an explicit functional relationship between the variables exists. Another 
implementation study (7) suggests that the direct use of equality constraints may introduce numerical difficulties which 
prevent convergence of the optimizer. The ability to handle equality constraints directly, avoids the problem of variable 
elimination. In addition it also reduces the need to develop algorithms which avoid coupling equality constraints. 

This research demonstrates that coupling equality constraints can be handled directly by using the GRG method as the 
internal optimizer in a multilevel optimization based on the Sobieski hierarchic algorithm. The two engineering design 
examples presented illustrate the GRG methods general utility for handling coupling equality constraints. These results are 
important in light of the fact that as multilevel optimization is applied to larger and more complex problems variable 
elimination may not always be possible. We should note that this success may not be exclusive to the GRG optimizer. 
Other optimizing algorithms which are robust in their handling of equality constraints may also work. 
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FIGURE 1: PORTAL FRAME DETAILS 
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FIGURE 2: TWO LEVEL STRUCTURE 


FIGURE 3: PORTAL FRAME CONVERGENCE 



NOTE: The initial rise of the infeasible start case can be 

attributed to the 10 % move limits imposed on global 
variables at the system level. These move limits artificially 
restrict the system level search for a feasible point. 
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FIGURE 4a: SUBSYSTEM 1 ITERATIONS FIGURE 4b: SUBSYSTEM 2 ITERATIONS 
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FIGURE 5: SPEED REDUCER SCHEMATIC TABLE 2 



FIGURE 6: TWO LEVEL STRUCTURE 
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FIGURE 8a: GEAR LEVEL (TRIAL 1) 


FIGURE 7: SPEED REDUCER CONVERGENCE 
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FIGURE 8b: GEAR LEVEL (TRIAL 2) 
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CONFIGURATION DESIGN SENSITIVITY ANALYSIS OF BUILT-UP STRUCTURES 

Kyung K. Choi and Sung-Ling Twu 

Department of Mechanical Engineering 

and 

Center for Simulation and Design Optimization 

The University of Iowa 
Iowa City, Iowa 52242 


rnomhJ 0 the ^'9° of complex built-up structures that are made of truss beam 

nronirtu t’ ® he ’ w nd SOl ' d ’ ,here are five dif,erent kinds of design variables- material 
K- ™ 9 '. sha P e - configuration, and topological variables. Previous resear^h hLs 
ctm^ n ^] a the im P rovement in performances obtained by altering the configuration of 
opfimetn! ^ m P° nen ‘ s ca [i be mu ch more significant than those obtained when the 

L. e try is assumed to be fixed (Refs. 1-4). Using the variational approach a unified 

vSes 60 ^'h h3 h d ® vel °P ed in Ref - 5 for the «rst three kinds of design 
variables, and has been further extended recently in many structural anaivsk nmhkm 

fnthie 33 nonl,near ’ structural dynamics, and frequency response analysis (Refs 6 - 8 ) 

*^. s P a P er < a continuum design sensitivity analysis method is developed for the 
configuration design variable of built-up structures. for the 

analysis k1hp f orilnttr diffe . rences between the shape and configuration design sensitivity 

component remains fixed. On the other hand, in the configuration design both the 

design chanoe o?a Itesinn 6 " 13 *' 0 " ° f th ® deS ' 9n com P onent are changed. The configuration 
aesign change of a design component can be viewed as a dynamic orocess of mouinn *h * 

!„" S" Ki,r? la " on ' ro,a,lon ' and 

anolied to ? h e ~ F 9' 1 ! ora lme desi 9 n component. Three similar steps can be 
Sin™ 9 y r 5 t,0n deS ' 9n chan9e of the surface and solid design components 



Translation 

Rotation 

Shape Variation 


Figure 1 Configuration Design Change of a Line Design Component 
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It is shown in Ref. 9 that a translation of the design component does not 
contribute to the design sensitivity result of a performance measure. Therefore, the 
configuration design sensitivity result can be obtained by adding contributions from the 
shape variation and rotation of each individual design component in the built-up 
structure. 

For shape variation, a unified shape design sensitivity analysis method has been 
developed in Ref. 5 using the material derivative idea of continuum mechanics. The 
domain shape variation can be viewed as a dynamic process of deforming a continuum 
medium from ft to ft t = T n (ft,-t), with t playing the role of time. A shape design 

velocity field V n is considered as the perturbation of the shape. 

Suppose the displacement z t (x T ) is a smooth solution of the boundary value 

problem on the perturbed domain ft t . The existence of pointwise material derivative z Vq 
at x e ft is shown in Ref. 5. If z t has a regular extension to a neighborhood of the 
closure ft t , then the partial derivative Zy exists and commutes with the derivative with 

respect to x { as shown in Eq. (5). The pointwise material derivative of displacement is 

obtained in terms of the partial derivative and the shape design velocity field as shown in 
Eq. (4). Using the material derivative formulas of Ref. 5, the first variation of a 
general functional due to the domain shape variation is obtained in Eq. (7). 


Material Derivative for Domain Shape Variation 



Figure 2 Domain Shape Variation 


Zy (X) * —Z.(X + TV n (x)) 
v 0 dT “ 


T-0 


z t (x*»-tV 0 (x)) - z(x) 
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Zy^(X ) = Zy^tX ) + VZ V n (X ) 


{ ax, 


* for i = 1. 2. 3 

i/y ax,- ° 

v ft 


v= [ Ux,)dn t 
J !}. 


w () = j ifv Q <x>* <r> T v u) * Kr T v„)i do 


(1) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 
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a ,0 the slha P® variation, the process of orientation change can be viewed as 

a dynamic process of rotating a continuum medium from n to Q t = T 0 (Q,x), with x 

playing the role of time. An orientation design velocity field V e is considered as the 

perturbation of the orientation, and is normal to the domain of the design component. 

Suppose the displacement z t (x t ) is a smooth solution on the perturbed domain £2^ 

The pomtwise derivative z v# at x e Q due to the orientation change, if it exist, is defined 
by Eq. (10), where, a regular extension of z T is defined as z t (x) s z t (x t ), if x = x + 
tV 0 . As shown in Eq. (13), very much like z^ in Eq.(5), z^ # commutes with the 
derivative with respect to x,. In Eq. (10). A is the rotational transformation matrix and 

V v# contains derivatives of the orientation design velocity field, and they are written in 
Eqs. (11-12) for the line design component. The same derivation can be applied to a 
surface design component with different A and V v# . Using the regular extension of a 
displacement function, and the fact that the determinant of the Jacobin is independent of 

Va ' iali0n °' a 5eneral lu " c,iona ' due 10 lhe °"enta«on 


X X* 
3' 3 


Derivative for Orientation Design Sensitivity Analysis 
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Figure 3 Orientation Change of a 
Line Design Component 
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The variational form of a boundary value problem of the built-up structure is 
given in Eq. (15). Taking the first variation of both sides of Eq. (15) and noting z = z Vq 

t ' * • 

+ z v , Eq. (16) is obtained. Using the fact that z e Z and a n (z,z) = i n (z), Eq. (16) 
becomes Eq. (17). 

Consider a performance measure in a general form as in Eq. (18). Taking the 
first variation of Eq. (18), we can obtain Eq. (19). In the direct differential method, 

Eq. (19) is solved for z with the given design velocity fields V n and V e . Once the original 

response z and the first variation z are obtained, the configuration design sensitivity 
expression in Eq. (19) can be evaluated. In the adjoint variable method, an adjoint 

equation is defined in Eq. (20) and is solved for the adjoint response K. Since z is in the 

space of kinematically admissible displacements, Eq. (20) can be evaluated at A = zand 

Eq. (17) at z= K, to obtain Eq. (21). Once the design velocity fields are defined, with 
the original response z and the adjoint response the configuration design sensitivity 
expression in Eq. (21) can be calculated. 


Configuration Design Sensitivity Analysis 


a n (z,z) = i 0 (z), for all z e Z 

• . * I • I • 
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A swept wing model shown in Fig. 4 is considered for the study of configuration 
design sensitivity analysis. This wing model consists of the truss and membrane design 
components. The wing is made by aluminum, and is subjected to a uniform pressure 
(0.556 psi) acting on top of the skin panels. An established finite element code ANSVS is 
used to create the finite element mesh. Because of the symmetry of the structure and 
loading, only half of the wing box is analyzed. The finite element model consists of 60 
truss elements (STIF 8) and 130 membrane elements (STIF 41). 

For a configuration design change, the tip of the swept wing is moved forward as 
shown in Fig. 4. The design velocity fields are defined so that all ribs (shear panels) 
that are parallel to the y axis remain parallel while moving. The layout of the spars 
(shear panels) and the skin panels will then be rotated accordingly. The displacement at 
the tip of the wing and several stress performance measures are specified. The 
configuration design sensitivity analysis is carried out using the finite element results 
obtained from ANSYS. Results presented in Fig 5 show an excellent agreement between 
the predictions y’ and actual changes Ay, where Ay is obtained by the central difference. 

Configuration DSA of Swept Wing Model 



Figure 5 Configuration Design Sensitivity 
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In summary, a unified configuration design sensitivity analysis of built-up 
structures has been developed. The configuration design change is identified by the 
translation, rotation, and shape variation. The material derivative idea of continuum 
mechanics is used to account for the shape variation. In this paper, a design sensitivity 
analysis method to treat orientation change of a design component has been developed. 

The numerical implementation of configuration design sensitivity analysis is carried out 
by using the results of an established finite element code. The results show that the 
method leads to an accurate and efficient configuration design sensitivity analysis of the 
built-up structure. 
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1. Introduction. The parametric nonlinear programming problem is that of determining the behavior of 
solution(s) as a parameter or vector of parameters a e TV varies over a region of interest for the problem 



Minimize , .. 

{/(z.or) : h(x,a) = 0, g(x,a) > 0}, 


where / : R n+r -> R, h : R n+r — Ri and g : R n+r — RP are assumed to be at least twice continuously 
differentiable. Some of these parameters may be fixed but not known precisely and others may be varied to 
enhance the performance of the system. In both cases a fundamentally important problem in the investigation 
of global sensitivity of the system is to determine the stability boundaries of the regions in parameter space 
which define regions of qualitatively similar solutions. The objective in this work is to explain how numerical 
continuation and bifurcation techniques can be used to investigate the parametric nonlinear programming 
problem in a global sense. Thus we first convert the problem (1.1) to a closed system of parameterized 
nonlinear equations whose solution set contains all local minimizers of the original problem. This system, 
which will be represented as F(z,a) = 0, will include all Karush-Kuhn-Tucker and Fritz John points, both 
feasible and infeasible solutions, and relative minima, maxima, and saddle points of (1.1). The local existence 
and uniqueness of a solution path (z(or),a) of this system as well as the solution type persist as long as a 
singularity m the Jacobian D,F(z, o) is not encountered. Thus we first characterize the nonsingularity 
of this Jacobian in terms of conditions on the problem (1.1) itself. We then describe a class of efficient 
predictor-corrector continuation procedures for tracing solution paths of the system F(z, a) = 0 which are 

tailored specifically to the parametric programming problem. Finally, these procedures and the obtained 
information will be illustrated within the context of design optimization. 


2. Systems Formulation and Bifurcation Problems. If M = diag{ji u ... ,/i„) is a diagonal matrix 

and C = fi p +if(x, a) - £f =1 \jhj(x,a) - £? =1 mgi{x, a) is the Lagrangian, then any solution of the Fritz 
John or Karush-Kuhn-Tucker first order necessary conditions is a solution of the closed system [8] 


( 2 . 1 ) 


F(z,a) = 


v,£(z,q) 
-h(x,<z) 
—Mg(x,a) 
ft T fi + A T A - pi 


= 0, where z = A , 


* This work was partially supported by the Air Force Office of Scientific Research through Grant # 
AFOSR-88-0059. 
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and & is a fixed constant. In the presence of a smooth F , a necessary condition for the existence of 
multiple solution branches to the system F(z,a) = 0 in each neighborhood of a solution (z 0 ,<*o) is that 
the Jacobian D,F(z 0 ,a 0 ) be singular. Since solution type (minimum, maximum, saddle point; feasible or 
infeasible point) can change only at such a singularity, we now give necessary and sufficient conditions for 

D,F to be nonsingular. 

Theorem 2.1. [8] Let (*o. <*o) be a solution of F(z, a) = 0, defined by 2.1, where f , g and h are C k , (k > 2), 
in a neighborhood of(z 0 , a 0 ). Define two index sets A and A and a corresponding tangent space t by 

^ = {i:l<i<p,y i (xo,or 0 ) = 0}, A = {« € A : p? 5* 0} 

T = {y €K n : D t h(xo,ao)y = 0, D x gi(xo,ao)y = 0 (i G .4)} 

Then a necessary and sufficient condition that D,F(z 0 ,a 0 ) be nonsinguiar is that each of the following three 

conditions hold: 

a) A = A; 

b) S := {V t j,(xo,o 0 )} l€ ^U{V r h i (ro.ao)}j =l is a linearly independent collection of? + MI vectors where 
|,41 denotes the cardinality of A; 

c) The Hessian of the Lagrangian V\C is nonsingular on the tangent space f at (*o.«o)- 

Having stated this theorem, several comments are in order. If xo is a Fritz John or Karush-Kuhn-Tucker 
point, then condition (a) is called strict complementarity (yj(xo.oo) = 0 implies p? is positive) and condition 
(b) is the linear independence constraint qualification. Furthermore, if in addition to conditions (a) and (b), 
the Hessian of the Lagrangian is positive definite on the tangent space f, then x 0 is a local minimizer at o 0 - 
An equivalent and more computationally efficient method for tracing solution path segments of (2.1) 
along which D,F is nonsingular is to use an “active set” strategy in which a purely equality constrained 
problem is considered, with active inequality constraints playing the role of additional equality constraints. 
This amounts to deleting inactive inequality constraints and corresponding (zero) multipliers from the def¬ 
initions of C and F and replacing the components -p.jj of F by -Ji for each » € A. In case a multiplier 
for an active inequality constraint changes sign along a path segment one has passed a singular point on 
the path due to a violation of a) in Theorem 2.1. Paths branching from such a point correspond to various 

choices of the active set. 

3. Numerical Continuation and Bifurcation Methods. Since the subject of numerical continuation 
and bifurcation methods has a formidable literature and since excellent introductions to this subject area can 
be found in the books of Allgower and Georg [2], Keller [5] and Rheinboldt [9], our objective in this section 
is to briefly introduce these techniques and show how they can be tailored to the parametric programming 

problem. 

To describe the predictor-corrector continuation methods, let w = (r,a) so that the problem is that of 
tracing solution paths of an underdetermined system of nonlinear equations F(u>) = 0 where F :U +l — 
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7l m . Assume that F(u;) = 0 is continuously differentiable, has a smooth solution path P = {u> € : 

u; = ^(s),$ € /} where / is an interval of real numbers, and that the path is nonsingular in that [D w F\ w ^p] 
is of full rank. Most path following algorithms generate a sequence {(u/*,**)}^ where u>* is a point on or 
near the path and wq is a known solution of F(w) = 0. To go from a point u/* to a point ty*+i, one uses 
current and previous information to obtain a predicted point, say typfc+i, which becomes the starting point 
for a Newton-like correction iteration which terminates with a solution 

Given a point Wk on the path, one predicts a new point by using a predictor of the form wpk +1 = 
Wk + Asd(As). The prediction direction d is typically chosen to be an oriented unit tangent 7±, which is a 
solution to [D w F(wk)]Tu = 0. However, a more robust and efficient prediction strategy which uses current 
and previous tangents has been developed by the authors [6] and will be used below. Once a predicted point 
is obtained, the correction back to the path can be based on a Newton-like solution of the augmented system 

(3.1) G(w) = L, , , FM x t,, a J= 0 

N{w) = (u; - wpk+i y d( As) ^ 

which confines the correction to a hyperplane orthogonad to the prediction direction d( As). 

It follows from this brief description that the two main computational problems in a predictor-corrector 
step are the determination of Newton corrections Aw for the system (3.1) and the computation of the tangent 
vector Tt+\. (The computation of the tangent is essentially free after one computes the Newton correction.) 
We now describe how to compute these in a way specifically tailored to the parametric programming problem. 
In light of the comments at the end of section 2 it suffices to consider the case of an equality constrained 
problem. For this case the techniques presented below reduce the matrix algebra in a continuation step 
to that of the Lagrangian matrix W = j with the nonlinear programming 


to that of the Lagrangian matrix W = 

—D x n 0 


problem. 

To solve the system [Z) w G(u;)]Aiy = — C7(ty) for a Newton correction Aty, we give a variant of the 
bordering algorithm of Keller [5], which also accounts for the presence of the additional augmenting equation 
B{ A./iJ = A t A + - $1 = 0 in (2.1) and (3.1). Let y, 5, u € be solutions of 


(3.2) Wy = - , Wv = - 

-*(*.«) J L 0 J 


and 


Wi. » 

da [ -h(z,a) 


respectively. Furthermore, let £>y,v and u be vectors in defined by t = 


»y = o 

Vo 


v = 111, and u = I 0 1. Then it can be shown [7] that a Newton correction step for (3.1) is given by 


Aw = y + sv + tu, where 


P V P u $ 

<Fv t 


_JhB + Fy 


a , ,. u r^v ^.1 r*i ^B+Py 

(3.3) Aw = y + sv + tu, where jr, jr u t =~ * N + Fy ' 

J L » 4 

If the vectors / t y, v and u are computed at Wk+i (or some approximation to ty*+i) the tangent at u/*+i 
can be computed via 


(3.4) 


T*+i = ± [(t T v)u - (< T «)v] /||(/ T w)u - (/ T ti)t>||j. 
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The sign depends on orientation and is changed when a fold point is encountered along the path. 

The nonsingularity of W is also characterized by conditions a), b) and c) given in Theorem 2.1; the 
nonsingularity of D W G and of the 2x2 matrix in (3.3) follow from the nonsingularity of W as long as the 
prediction direction d is not orthogonal to the null space of D W F. The latter is the case for our predictor as 
long as As is not too large. Fold points or bifurcation points along the path are indicated by a singularity 
in W, and may be detected, distinguished and handled by methods discussed by Keller [5] together with 
methods we now describe. 

The methods for solving the linear systems in (3.2) can be based on various linear algebra techniques 

in nonlinear programming, modified to account for the possibility that maybe indefinite on some 

segments of the path. One must also adapt these linear algebra techniques to determine sign changes in 

three important sets which determine critical point type at regular points: (A) sign gi(x } a) for i £ {1,... ,p}, 

(B) sign ^ for t € {1,... f p + 1} and (C) the signs of the eigenvalues of VlCf , the restriction of the Hessian 

of the Lagrangian to the tangent space of the active constraints. To see how one may monitor and detect 

changes in the signature of in the course of using a generalized null space method for solving (3.2), 

assume conditions a), b) and c) of Theorem 2.1 hold. Then the k x n matrix A T = J - 1 is of 

t D r gi i 6 A J 

full rank. In a null space method one first computes matrices Y £ H nxk and Z £ 7£ nx ( n “*) of full rank 
such that [Y:Z] is nonsingular, A T y = / and A T Z = 0. In the course of solving (3.2) by such a method one 
must form and factor the (n — A) x (n — A) matrix Z 7 V\LZ , whose signature is the same as that of . 
Given that Z T V\LZ may be indefinite in the continuation process, one generally would compute the LDL T 
factorization of this matrix by using, e.g., the Bunch-Kaufman algorithm [3, § 4.4]. Here, the matrix D is 
a block diagonal matrix with 1 x I and 2x2 blocks whose signature is easily computed and is the same as 
that of Z T VlCZ. 

Once a change in a sign in (A-C) is detected, a singularity is detected which one must deal with 
appropriately, reversing the orientation in the case of a fold point or switching branches at a bifurcation point. 
One particularly easy aspect of this problem is the case associated with a loss of strict complementarity: 
to switch branches, one simply activates or de-activates a constraint. Further analysis and classification of 
these fold and bifurcation points as well as methods for detecting them numerically can be found in [8,10] 
and in a forthcomming paper [7]. 

4. A Numerical Example. As a simple illustration of the above procedures we consider the following 
problem from design optimization [4] 

(4.1) .... { d : V d E(d t h;p) = 0, A < 1.5, A > 0} 

(<*> A) “ 

where E(d,h;p) = — pd + A* — y/l + (A — d) 2 j (y/\ + A 2 , and p is a parameter. This problem is 

used to model the determination of the unloaded height A of a simple two bar planar truss with semi-span 
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1 which minimize# the displacement d under a fixed load p. The solution paths z(p) of (2.1) were tracked 
using our continuation method. The following plot gives the displacement d as p varies. 

Fig 4.1: Feasible Solutions of (2.1) 

LEGEND 

O Fold • Bifurcation 


Minimizers Maximizers 
K d, displacement 

p, load 

This plot represents a projection of the feasible solutions of (2.1) into the ( p,d ) plane, and the dot 
labeled with e,/ and g indicates three distinct bifurcation points with p = d = 0 and A = 0, 1.41 and 
1.5 respectively. Bifurcation points a,e, e and g result from a loss of strict complementarily in which an 
inequality constraint becomes weakly active. The path of maximizers branching from point o corresponds 
to A < 1.5 active and < 0, and changes type at the singular point g, becoming the path of minimizers 
labeled G. The other path branching from point a passes through /, across which the one eigenvalue of 
changes sign. At / there is a change in type resulting in the path of maximizers labeled F. 

Extreme sensitivity of the solution of (1.1) to variations in p occurs at the fold points b and d (p — ±.3704) 

at which there is a loss of linear independence in the active constaint gradients, and = 0. This is also the 

case at the bifurcation point e, where in addition, strict complementarily is violated. One cannot compute 

near or past these points without the normalization B( X,p) = X T X + p T p - ft = 0, since near these points 

an unnormalized multiplier is unbounded. When the system is at a state near these points, small variations 

in load p can result in very large changes in the solution, or the loss of (local) existence of a solution. The 

latter case is illustrated near 6 where increasing the parameter past p = .3704 results in the loss of the 

solution and a snap through of the truss to a state represented by path D. Similar behavior occurs near d 
and e. 

Not pictured above are branches of infeasible solutions of (2.1) emerging at o,c,e and g (h > 1.5 or 
A < 0). (In some problems such paths may provide the opportunity for further branching to other feasible 
paths.) A path of feasible singular points with p = d = 0 branches from e through / to g, and can be 
parameterized by /i a . The solutions to (4.1) need only be stationary points of the potential energy £(d,A;p). 

However, all path segments, exclusive of the segments from d to e and from c to b, do correspond to physical 
states of the system (where E is minimized). 


0 
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In this paper we have described how continuation techniques can be tailored to the parametric nonlinear ' 
programming problem and used to investigate the global dependence of the solution on a parameter. The 
use of the system (2.1), including the normalization B{ A,/j) = 0 enables the computation to proceed through 
singular points where solution type may change and branching and/or sensitivity of solutions of (1.1) occurs. 
Computing paths of maximizers, saddle points and singular points enables one to locate regions of sensitivity, 
multiple operating states, and disconnected paths of minimizers. 

We think that these methods have great potential to facilitate parametric study in nonlinear program¬ 
ming and, for example, in nonlinear optimal control. Further testing and development of the numerical 
methods on some tractable model problems is needed, as well as further analysis of the behavior which can 
be expected at more complex singularities. 
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Introduction 

Optimum design parameter sensitivity analysis has become an important topic in recent years. The 
principal reasons for obtaining optimum design sensitivity information with respect to various problem 
parameters are (1) to predict revised optimum designs, associated with specified perturbations of the problem 
parameters, without re-optimizing the problem and, (2) to provide sensitivity information in multilevel 
optimization strategies. Methods for calculating these derivatives have been proposed by several authors 
(see Refs. 1-5). The most important drawback in estimating parameter sensitivities by the current methods 
is that they do not allow for changes in the active constraint set. Changes in the active constraint set produce 
discontinuities in the optimum design sensitivities, and therefore, a correct formulation has to be cast in 
terms of directional derivatives (Refs. 6-7). This paper addresses optimum design parameter sensitivity 
analysis in terms of directional derivatives so as to include possible discontinuities and it also presents a 
method for estimating optimum design sensitivities using finite differences. 


Problem For mulation 

The general optimization problem considered in this work has the following form 

Min f(Y,P) 
r 

s.t. gj(Y,P)2. 0 j = l,...,m (1) 

where Y = (Y„.... TJ is the vector of design variables andP = (P„.. .,P f ) is the vector of design parameters. 

It is assumed that for a fixed set of parameters P, the optimization problem has been solved, so that 
the vector of optimum design variables Y *(P) is known, and that this optimal solution satisfies the first 
order Kuhn Tucker conditions given by 


V r f(Y\P),P) -I \ (P) v, gj or (P),P) = 0 

j*\ 

(2a) 

Xj (P) gj 0T (P),P) = 0 j = 1.m 

(2b) 

gj (Y\P), P) £ 0 j = 

(2c) 

\j(P)tO y' = l,...,m 

(2d) 
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where X(P) denotes the vector of Lagrange multipliers at the optimum design Y" (P) for the given vector of 
parameters P. 

If the vector P is perturbed, the set of active constraints for the new optimum will change depending 
on the direction of move for P. This change induces discontinuities for the sensitivities of the optimal 


solution, or in mathematical terms, the derivatives are not unique. References 6 and 7 prove that even 

if the derivatives are not unique, the directional derivatives exist In what follows the optimal sensitivity 
problem is formulated in terms of directional derivatives, defined as 


Y v (P) = lim 


Y(P + tbP)-Y(P ) 


(3) 


where 5 P represents a unit vector (| SP | = 1) in a prescribed direction of change for the vector of parameters 

P. 


If the vector of parameters P is perturbed by fSP, t > 0, the Kuhn Tucker conditions (Eq. (2)) must 
remain satisfied. Moreover, since the sensitivities are obtained when t —> C only first order approximations 
for Y and X in terms of t are required, and only linear terms in t should be retained. 


Using the approximations 
Y{P +1 SP) = Y(P) + 1 Yy, (P) 

X(P +1 SP) = HP) +1 X*. (P) 

Eq. (2) for the perturbed problem becomes 


(4 a) 

m 


Vyf(Y(P) + tY v (P), P+ 1 5P) - i (X, (P) + 1 X jS , (P)) (V y gj (Y(P) +1 Y& (P), P + 1 8P) = 0 (5a) 


(X, (P) +1 X'j, (P)) (gj (Y(P) +1 Ty, (P), P +1 SP)) = 0 j = 1, ...,m 
gj (Y (P) +1 Y v (P),P + 1 8 P) £0 j = l,...,m 


X J (P) + tX jSf (P)> 0 


j = 1,.,.,/n 


(56) 

(5c) 


(5 d) 


Expanding g } in first order Taylor series and retaining only linear terms in t, Eqs. (5b)-(5c) become: 

Xj (P) [gj ( Y(P ), P) + r (V,g. (K(P), P)T V (P) + (K(P),P)5P] + r X v (P) (T(P). P) = 0 (6a) 

(T(P), P) + f (V r gj (Y(P), P) Yu, (P) + V, gj ( Y(P ), P) SP) ^ 0 (66 ) 


X, (P) + 1 X j6e (P) ^ 0 

Several special cases arise from these previous equations when t —> 0 + : 


(6c) 



(active constraint, degenerate case) 


(1) Xj (F) = 0, gj (Y(P), F) = 0 

V y gj ( Y(P ), F) 7,, (F) + V, gj (Y(P), F)8P£0 (la ) 

Xyjp (F) ^ 0 

(2) Xj (F) > 0, gj ( Y(P ), F) = 0 (active constraint, non degenerate case) 

v y g/y(F), F) y v (F) 4- v, ^ (y(F), F) 5 f= o (ib) 

Xjif (F) has no sign constraint 

(3) Xj (F) = 0, gj (Y(P), F) > 0 (not active constraints) 

V r gj(Y(P), F) Yfj (F) + V, g 7 (Y(P), P) 5P has no sign constraint (7c) 

^■jSP (F) has no sign constraint 

Equations (7) show that only degenerate active constraints are allowed to leave the set of active 
constraints, and that non active constraints can only become degenerate active constraints. Therefore, it 
is not necessary to include passive constraints in the sensitivity analysis. Since the Kuhn Tucker conditions 
are satisfied for the unperturbed problem (Eq. (2a)), the expansion of Eq. (5a) in first order Taylor series, 
leads to 

V\ Y L(Y(P),P)Y if (P) + V\ r L(Y(P),P)^P- I ^.jffiP) V y gj (Y(P),P) = 0 (8) 

jm\ 

where 

L (Y(P),P) =f(Y(P),P) - t Xj(P) gj (y(F),F) (9) 

y-i 

is the Lagrangian function and V\yL =[ and Vy f L = [ jjrWj. 

Equations (7) and (8) are the conditions that the directional derivatives must satisfy for the perturbed 
problem. Since only the active constraints are to be considered, these equations lead to the following 

conditions which must be satisfied by Y' Sf (F) and X& (F): 

Vlr L(Y(P),P)Yv (P) +V 2 „L(y(F),F)5F- I X'^F) V rgj (Y,P),P) 

i * 1 i 


- 1 (F Vygj (Y(P),P) = 0 (10a) 

>«A 

V y g ; (y(F),F)y tf (F) + V rf /y(F),F)SF = 0 j e 7, ( 106 ) 

V y ^ (y(F),F) y v (F) + Vrf, (y(F),F)5F £0 j € J 2 (10c) 

X.^ (F) ^ 0 y € /j (lOd) 
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where the sets of indices 7 , and J 2 are given by 
= gj (Y(P),P) = 0} 

Ji = U\^(P) = 0, gj (Y(P),P) = 0} 

It is easily seen that if all active constraints are non-degenerate (J 2 = <>; i.e. the set / 2 is empty), then 

the set of active constraints remains invariant and no discontinuities exist Therefore, if the strict com¬ 
plementary condition holds at the optimum, the Kuhn Tucker based methods presented in Refs. 1 and 2 
will give the correct optimum design sensitivities. 

The solution of Eq. (10) for Y' sr (P) and 7^ (P) is easily obtained if it is observed that these equations 

(Ref. 7) correspond to the Kuhn Tucker conditions for an optimization problem where the objective function 
is the quadratic approximation of the Lagrangian and the constraints are the linearized active constraints. 
Thus, the set of conditions given by Eq. (10) is equivalent to the solution of the problem 

Min \z T V\yL (Y(P) y P)Z + Z T V\ p L{Y(P),P) 6 P 
z L 

s.t. V r gj(Y(P),P)Z + V P gj(Y(F),P)bP = 0 jeJ\ ( 11 ) 

Vy gj (Y(P),P)Z + V r g J (Y(P),P)8P^0 jeJ 2 

If the optimal solution for this problem is denoted by Z* with the associated Lagrange multipliers represented 
by y\ then 

Yif(P) = Z (12a) 

^sr(P)=y (12 b) 

To further illustrate the concepts revealed by the foregoing analysis, consider the following one 
design variable, single parameter example from Ref. 4 . 

Min f(Y,P) = 2Y 2 -2YP+P ll + 4Y-4P 

r 

s.t. g(Y,P) = Y + 4PZ0 

Figure 1 shows the optimal solution Y’(P), the optimal functions fOT,P) and g(Y*,P) and the 
Lagrange multiplier X* (P) as a function of the parameter P. For P < the constraint g is active and the 

Lagrange multiplier X is positive, but for P > 5 , the constraint becomes passive and X = 0. At P -1 the strict 

complementary condition does not hold and therefore the derivatives are not unique. At this point only 
directional derivatives, which in this case correspond to the left and right derivatives, exist For this simple 

example problem (at P - \) the quadratic problem given by Eq. ( 11 ) leads to 


Case 8P = 1 (right derivative) 


s.t. Z + 42>0 => Yfj. ( 2 / 9 ) = j, (2/9) = 0 

Case SP = -1 (left derivative) 

Min 2Z 2 + 2Z 

s.t. Z-4£0 => y sr ( 2 ^) = 4, XL- (2/9) = 18 

When numerical techniques are used to determine the optimal solution Y (P) and the corresponding 

Lagrange multipliers X (P) for problem ( 1 ), the condition = 0, for an active constraint, requires further 

analysis. The Kuhn Tucker conditions (Eq. (2a)), show that the gradient of the objective function can be 
written as a non-negative linear combination of the gradients of the active constraint at the optimum. 
Assuming that the gradients of the active constraints are linearly independent (normality), then, if one of 
the Lagrange multipliers is zero, this implies that the associated constraint gradient does not contribute to 
the non-negative linear combination of gradients in terms of which V/ is expressed. Therefore, the set of 

indices J-i should include all constraints such that is less than or equal to a prescribed threshold. 


Finite Differences 

An alternative procedure for obtaining the optimal design sensitivities, (Ref. 4) is to use finite dif¬ 
ferences for small perturbations of the parameter P. Since only directional derivatives are sought, the 
direction 5 P is prescribed and therefore, perturbations for t rather than for P must be considered. The first 


order Kuhn Tucker optimality conditions for the perturbed problem are given by 

V r f(X(P + tSP),P + tSP)- £ X;(P + r8P) V r gj(Y(P + t SP),P + tSP) = 0 (13a) 

>■ * 

Xj (P +1 5P) gj (Y(P +1 SP), P +1 SP) = 0 y = l.m (13b) 

gj (Y(P +1 SP), P +1 SP) £ 0 ; = 1. m (13c) 

Xj (P + r SP) £ 0 j - l,...,m (13d) 


In a finite difference scheme, the new optimum Y (P + r SP) and the associated Lagrange multipliers 
X(P + t SP) are to be found such that the conditions imposed by Eqs. (13) are preserved. If the original 

functions / and g jt j = 1.m are replaced by approximate explicit functions / and gj in terms of Y, 

j = 1 , ...,m, then Eqs. (13) correspond to the Kuhn Tucker conditions of an approximate problem of the 
form 

Min f(Z,P + t SP) 
z 

s.t. gj(Z,P + t 8P)20 j = l,...,m (14) 


If the optimal solution for this problem is denoted by Z* and the associated Lagrange multipliers are 
represented by y\ then 

Yv(P) = r ~^ {P) (15a) 

Kr (P) ~ y - - ~— (156) 

Examination of Eq. (13a) shows that the approximate functions / and gj,j = l,...,m, should be accurate 
not only for the function values but for gradients as well. Also, from the formulation of the approximate 
problem given by Eq. (14), it is cletrly seen that these approximations are needed only with respect to the 
variables Y and not with respect to P. 


Quadratic Approximations 

A natural choice for approximating the function and its first derivatives, is to use a second order 
Taylor series expansion with respect to Y. For a generic function, h, this approximation about Y“(P) has 
the form: 

it (Z,P + t SP) =h (Y(P),P + t 5P) + V Y h (Y(P),P +1 SP) (Z- Y(P)) 

+ j(Z- Y(P)) r V 2 „h(Y(P),P+t SP) ( Z-Y(P)) (16) 

and the approximate problem becomes 

Min V Y f(Y(P),P + t SP) -4 (Z- Y(P)f V 2 „ f(Y(P), P +1 SP) (Z- Y(P)) 

Z L 

s.t. g, (Y(P), P + tSP) + V r g. (Y(P),P +1 SP) (Z - Y(P)) (17) 

+^(Z-Y(P)) T V 2 YY g j (nP),P + tSP)(Z-Y(P)) > 0 j = 1. m 

which corresponds to the second order approximation of the original problem about Y* (P), at the optimum. 
This is similar to the second order method given in Ref. 4. 


Numerical Results 

The methods presented in this paper are demonstrated for the 10-bar truss structure shown in Fig. 
2. The cross-sectional areas of the members are the design variables and the objective function to be 
minimized in the total weight Constraints are imposed on the stress of each member. The allowable stress 
is 25,000 lb/in 2 for all members with the exception of member 9. Side constraints are such that 0.1 in 2 

£ Ai £ 25in 2 , i = 1 . 10 . 


61 



Figure 3 shows the response ratios for the stress constraints (onmembers 2,9 and 10) as a function 
of the allowable stress in member 9 (o 9 ). It is observed that when o 9 < 30,000 the stress constraint in 

member 10 is passive while for a, > 30,000, this constraint becomes active. The opposite effect is observed 
for the lower bound side constraint on member 10 ^ from active to passive). The change in the set of active 
constraints produces discontinuities for the optimum design sensitivities at o 9 = 30,000 lb/in . 

Tables 1 and 2 show the right and left derivatives for the optimum design with respect to a 9 . The 

first column correspond to the exact sensitivities using the Kuhn Tucker conditions. The second and third 
columns correspond to the approximate derivatives computed via finite differences using a second order 
approximation. For the third column only diagonal second order terms were retained. For both cases the 

step was set to 500. 

As expected, the sensitivities are not continuous, and the Kuhn Tucker formulation gives the correct 
directional derivatives. The finite difference results show a strong agreement with respect to the exact 
solution, even when only second order diagonal terms are retained. 


Conclusions 

A general procedure for calculating the sensitivity of a optimized design to various problem parameter 
has been presented. The method is based on the first order Kuhn Tucker conditions and possible discon¬ 
tinuities in the derivatives are taken into account A finite difference approach is also presented based on 
second order information. The quadratic method proved to be very accurate in estimating the optimum 
sensitivities. This method is particularly attractive since no distinction has to be made between degenerate 

and non degenerate active constraints. 
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Table 1 

Right Derivative of the Optimum Values of A , with Respect to 

Allowable Stress in Member 9 



Sensitivities (in 2 /psi x 10 3 ) 

Variables 

Optimal 
Solution (in 2 ) 

Kuhn 

Tucker 

Quadratic 

Full 

Quadratic 

Diagonal 

A\ 

7.936 

-0.400 

-0.399 

-0.405 

a 2 

0.100 

0 

0 

0 

A3 

8.078 

0.400 

0.399 

0.405 

A4 

3.929 

-0.400 

-0.399 

-0.405 

A5 

0.100 

0 

0 

0 

As 

0.100 

0 

0 

0 

a 7 

5.758 

0.566 

0.563 

0.573 


5.558 

-0.566 

-0.564 

-0.573 

a 9 

4.634 

-15.932 

-15.871 

-16.132 

A\o 

0.100 

0.570 

0.568 

0.537 


Table 2 

Left Derivative of the Optimum Values of A { with Respect to 

Allowable Stress in Member 9 



Sensitivities (in 2 /psi x 10 3 ) 

Variables 

Optimal 
Solution (in 2 ) 

Kuhn 

Tucker 

Quadratic 

Full 

Quadratic 

Diagonal 


7.936 

0.167 

0.149 

0.151 

a 2 

0.100 

0 

0 

0 

A3 

8.078 

-0.167 

-0.175 

-0.176 

A 4 

3.929 

0.167 

0.172 

0.172 

A, 

0.100 

0 

0 

0 

As 

0.100 

0 

0 

0 

a 2 

5.758 

-0.235 

-0.298 

-0.298 

A* 

5.558 

0.235 

0.245 

0.247 

A 9 

4.634 

15.656 

16.242 

16.244 

A\o 

0.100 

0 

0.064 

0.065 
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Figure 1. One Design Variable Problem. 



Figure 2. Ten Bar Truss Structure. 
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Figure 3. Changes in Active Constraints for Ten Bar Truss Example. 
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Abstract 

An identification procedure proposed by Shen and Taylor [1] to determine the crack charac¬ 
teristics (location and size of the crack) from dynamic measurements is tested. This procedure was 
based on minimization of either the ’mean-square* measure of difference between measurement data 
(natural frequencies and mode shapes) and the corresponding predictions obtained from the com¬ 
putational model. The procedure is tested for simulated damage in the form of symmetric cracks in 
a simply-supported Bernoulli-Euler beam. The sensitivity of the solution of damage identification 

problems to the values of parameters that characterize damage is discussed. A sensitivity formula 
is derived. 


Introduction 

Many optimum or light-weight designed load-carrying structural systems such as tubines, 
generators, motors, aircraft, and spacecraft are under sever operational conditions. One form of 
damage that could lead to several failure of the system if undetected is cracking structural member 
of the system. This motivates the search for new methods of crack monitoring which are not only 
quicker, and cheaper, but also capable of detecting the integrity of structural members. Most 
importantly, these crack monitoring schemes could even be performed on line. 

An detection procedure was developed by Shen and Taylor [1] to determine the crack char¬ 
acteristics (location, xc, and size, cr, of the crack) from dynamic measurements. The idea of this 
procedure was related to methods of structural optimization. Specifically, the structural damage 
is identified in a way to minimize one or another measure of the difference between a set of data 
(measurements) T d> and the corresponding values for dynamic response M d obtained by analysis of 

a model for the damaged beam. This may be expressed symbolically as the following optimization 
problem: 

min norm(T d - M d ). (1) 

Naturally, the minimization represented here is constrained by the equations which model the 
physical system. Moreover, as indicated in the discussion by Shen and Pierre [2-4], one can note 
that the more modal information used for crack detection, the more accurate and reliable the result 
that can be achieved. For practical purposes, the objective of Eq. (1) was formulated based on a 
certain set of specific modes; specifically the first M modes are considered in the inverse procedure. 

In this study the corresponding to the mean-square measure of the norm is examined. The 
identification process is based on minimization of the ’mean-square 1 measure of difference between 
measurement data (natural frequencies and mode shapes) and the corresponding predictions ob¬ 
tained from the computational model. The identification procedure is tested for simulated damage 
in the form of a simply-supported Bernoulli-Euler beam. The uniqueness and reliability of the iden¬ 
tification process is confirmed by solving several crack identification examples with specified crack 
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positions. Without knowing the damaged location, a restricted region in initial data space had been 
found for which there will be a realistic and convergent solution from the identification process. 
This region is small, and can be expanded if modal variables are well approximated and initial data 
corresponding to higher modes of the beam are included in the process. However, for practical 
reasons, in structural dynamic testing only a small subset of the eigenvalues and eigenvectors can 
be represented in the measurement data. Futhermore, even if substantially more modal informa¬ 
tion would be available, the minimization search may be prohibitive for such a large-dimensional 
feasible domain that would result. 

A concept of improving the above identification procedure is also purposed in this study. A 
sensitivity formula is derived there. Some questions related to the selection of proper modes to be 
used in the optimization process is also discussed in this study. 

A Brief Review of Cracks Identification Procedures [1] 

In reference [1], the mean square differences between measured and modeled values of frequency 
and mode shape are employed as the objective function in the variational formulations for the 
identification of a cracked beam with one pair of symmetric cracks are presented. In other words, 
the inverse process seeks to determine the crack parameters, xc and cr, in the mathematical model to 
minimize the mean square difference between the test data and analytical predictions. In addition, 
the identification problem was treated as well in the form of a min-max problem in (1). For 
simplicity, only the mean-square problem formulation was presented in form consistent with having 
the beam deflection data stated in discrete form. These problem formulations are 


M T 

^ ' [(^ta — **'» ) d" ^ ~ ( Wta( Xtm ) ~ tt-V, ( X/ m )) j) (2) 

Or 22 1 m= 1 

subject to constraints that define the beam response w a (ie., the equations for free vibration), and 
which prescribe appropriate normalization of w a and test data w to . subject to: 

f {EIQ(w'o(x)) 2 - u\pA wl{x)}dx = 0 (3) 

•'O 

r-i 

^ ^ (Wg(Xt m )ufo( Xtm — Tj 0 j = 0 (4) 

m=2 

(cr + a xc) - R < 0 (5) 

cr < cr < cf (6) 

xc < xc < xc (7) 


where <*,/?= , a is a weighting factor on the cr and xc, R represents the upper bound on 

value cr + axe, and and £F,cr represent the upper and lower bounds of the crack (damage) 

parameters xc and cr, respectively. Here cr = represents crack ratio (a measure of crack 
depth), and xc identifies crack position (see Fig. 1). 

The effect of cracks on the structural properties of the beam is reflected by factor Q in Eq. (3), 
as described for symmetric surface cracks in Shen and Pierre [2] and in Christides and Barr [5], 
and for the single surface crack problem in Shen and Pierre [3,4]. In other words, the optimization 
parameters xc and cr cited in Eq. (2) enter the problem via Q. 
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Numerical Examples 

The numerical optimization technique set forth in this study for vibrating cracked beam iden¬ 
tification problems is accomplished using the VMCON optimization package program (this imple¬ 
ments a sequential quadratic programming method). The damage properties (cr and xc) of the 

simply supported cracked beams are identified by direct solution of the optimalization problems 
described in the previous section. 

The cracked beam model to which the identification procedure is applied is shown in Fig. 1. It 
is a simply supported beam of length / equal to 18.11 of it’s thickness d y with uniform rectangular 
cross-section area A , and a pair of symmetric cracks of cr = 0.5 located at mid-span (xc = 0.5). 
Examples with position of the crack (damage) specified 

Consider the first example for crack identification, the simply supported cracked beam, for 
which the crack position xc is known. In other words, only the crack ratio cr is to be identified; 
therefore, the variables in this problem are cr, f's, and mode shapes u; a (x) (x, = {cr,£ a , w Q (x tm )}). 
Furthermore, according to the observations in Shen and Pierre [2,3], the even modes of a simply 
supported beam are not sensitive to a mid-span crack; therefore, in effect only first and third mode 
(a = 1,3) information is used to represent crack damage. 

In Table 1, the top row denotes the assumed crack ratio and corresponding first and third 
eigenfrequencies. The symbol ♦ denotes the expected optimal solution through the identification 
process. The first two column entries, indicate the fundamental and the third frequencies 

corresponding to the initial crack ratio cr which is given in the next column. The last three columns 
give the final values corresponding to previous entry values. These final values are obtained at the 
stage where computation is terminated when the further optimal search obtains improvements for 
criterion F less than the specified tolerance (10£ — 5 was adopted in the present study). Recall 
that for an uncracked beam cr is identically zero. Therefore, in this example, it is decided to start 

with the case of the initial value cr = 0.0 and for each case thereafter the cr value is increased by 

0 . 1 . 

In Table 1, rows 5 to 11 present the results for cases with initial cr = 0.1 to 0.8. The corre¬ 
sponding final point values listed in the columns 4-6 show that these cases exhibit, as expected, 
similar solution characteristics and accuracy. This provides a physical understanding of the geome¬ 
try of the solution set: for the inverse cracked beam problem with specified crack position, the mean 
square criterion of Eq. (2) is a convex function and it is bounded by the constraints of Eqs.(3-7). 
Hence, one may conclude that the convergence of the present optimization problem is obtained 
independent of the initial data chosen. In other words, as long as the initial data is selected within 
the problem’s feasible domain, an accurate and unique solution through the identification process 
is expected. 

Examples with simultaneous identification of crack position and depth 

The second numerical example deals with the crack identification of a simply supported cracked 
beam with unknown crack ratio and with crack position unknown. In this treatment, the variables 
in the optimization problem are cr,xc, £'s, and mode shapes w Q (x) (xj = {cr,xc,£ 0 , w 0 (zcm)})* 

Table 2 shows that almost all of the cases have unacceptable final estimates of xc and cr. For 
instance, if the initial position is selected as xc = 0.4 and cr = 0.4, the values of xc and cr at the 
final iteration are 0.99789 and 0.36289 which are approximately 98% and 28% different than the 
given test data. In other words, evidently the configuration with xc = 0.99789 and cr = 0.36289 
is able to provide another minimum value of the criterion (besides the one associated with the 
expected result). Except for the case with initial cr = 0.4 and xc = 0.48 which provides less than 
1% estimation error. A number of similar examples can be found in reference [1]. 

Questions arise concerning the conditions under which the identification procedure can pro- 
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vided a unique solution. As discussed in Shen and Pierre [ 2 - 4 ] and concluded in the studies of 
Glad well et. al. [ 6 ], if ail the mode information is used in the identification procedure, then the 
system’s properties can be identified uniquely. However, for practical reasons, in structural dy¬ 
namic testing only a small subset of the eigenvalues and eigenvectors can be represented in the 
measurement data. Futhermore, even if substantially more modal information would be available, 
the minimization search may be prohibitive for such a large-dimensional feasible domain that would 

result. These comments are intended to point out certain limitations inherent in the identification 
procedures. 


Sensitivity Analysis of the Optimal Solution from the Damage 

Id net ifi cat ion Process 


Without using higher modes information, a concept of improving the above identification pro¬ 
cedure is presented in this section. The idea is first to obtain the optimal solution of a damage 
identification process with crack position specified. The actual crack position can then be deter¬ 
mined by characterizing the sensitivity of the solution of damage identification process to the value 
of assumed damage position. In other words, the final solution from damage identification process 
should be preserved at the new damage position xc* = xc + Sxc. It is clear that the variables 
—i ~ { C 7 ‘>£ari w a (xt m )} are dependent on parameter xc. From the K-K-T necessary conditions, a 
set of the equations can be written for new variables xj and new damage position xc*. In order to 
achieve an improved solution from damage identification process, bxc can be selected such that the 
criterion be reduced and constraints be prevented from violations as well. Therefore, to find 6xc 
and i] is equivalent to find a optimal solution of the following problem : 

db‘ 

mjn ($(xj,xc)— + $'(xj,xc))<5xc ( 8 ) 

subject to : 

['i’i + + 4>'i)&xc)\+ < 0 ( 9 ) 

[& + + 4>'i)Sxc]\* = 0 ( 10 ) 

where 0 = 357 , and O = ^. Functions and <*>, are the criterion, inequality constraints, 

and equality constraints, respectively. 


Conclusions 

A general method for crack identification of a simple beam with one pair of symmetric cracks is 
presented. The method may be useful as a component of an on-line nonintrusive damage detection 
technique for vibrating structures. A variational formulation is expressed as a direct minimiza¬ 
tion problem statement with a criteria of the mean square difference of natural frequencies and 
mode shapes between test measurements and corresponding model values. The crack identification 
problem is reduced to finding the cracked beam’s damage parameters that will satisfy appropriate 
constraints and minimize the mean square difference. 

The uniqueness and reliability of the identification process is confirmed by solving several crack 
identification examples with specified crack positions. Without knowing the damaged location, 
a restricted region in initial data space has been found for which there will be a realistic and 
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S o°f Uti °v fr0m the , identification process - This re 6* on is small, and can be improved via 
process of sensitivity analysis of the optimal solution from the damage idnetification procedure. 
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Figure 1. Geometry of a simply supported beam containing a pair of symmetric edge cracks 
at imd-span. if* |. 
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Test Data: £= 

0.84703, £=70.1348, cr‘=0.5 

Initial Data 

Final Data 

ft 

£3 

CT 

ft 

6 

cr 

1.0 

81.0 

0.0 

0.84684 

70.1348 

0.50033 

0.98841 

80.0769 

0.1 

0.84697 

70.1346 

0.50019 

0.97217 

78.8135 

0.2 

0.84704 

70.1347 

0.49998 

0.94815 

77.0062 

0.3 

0.84701 

70.1348 

0.50007 

0.91032 

74.3024 

0.4 

0.84694 

70.1347 

0.50024 

0.73638 

63.7848 

0.6 

0.84705 

70.1348 

0.49962 

0.54574 

55.0511 

0.7 

0.84703 

70.1348 

0.50034 

0.27233 

45.9316 

0.8 

0.84700 

70.1347 

0.50009 



Table 1: Numerical results based on mean square problem statement of Eqs. (2-7) with the crack 
(damage) specified {xc = 0.5). 


Test Data: £=0.84703, £=70.1348, cr'=0.5, xc'=0.5 


Initial Data 

| Final Data 

ft 

£3 

cr 

xc 

ft 

£3 

cr 

XC 

0.91806 

78.5161 

0.4 

0.4 

0.69639 

70.1359 

0.99789 

0.36289 

0.91371 

76.6365 

0.4 

0.43 

0.70007 

70.1362 

0.99440 

0.39620 

0.91158 

75.1335 

0.4 

0.46 

0.84610 

70.1347 

0.91029 

0.53775 

0.91056 

74.7464 

0.4 

0.47 

0.84711 

70.1347 

0.67125 

0.49033 

0.91063 

74.5157 

0.4 

0.48 

0.84704 

70.1348 

0.50554 

0.49972 

0.73472 

63.8062 

0.6 

0.51 

0.84704 

70.1348 

0.60027 

0.50526 

0.73711 

64.2643 

0.6 

0.52 

0.84704 

70.1348 

0.60083 

0.50531 

0.73617 

64.7619 

0.6 

0.53 

0.84704 

70.1348 

0.60141 

0.50534 

0.73929 

65.6727 

0.6 

0.54 

0.84705 

70.1348 

0.60255 

0.49459 

0.73909 

66.6112 

0.6 

0.55 

0.84702 

70.1348 

0.99721 

0.24709 

0.75452 

74.0109 

0.6 

0.6 

0.70040 

70.1363 

0.99079 

0.59307 


Table 2: Numerical results based on mean square problem statement of Eqs. (2-7). The position 
of the damage xc is a variable. 
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ABSTRACT 


Ill-conditioned systems arising in analysis and optimization can display 

a high sensitivity to numerical precision for changes and errors in data input. 

Such data may be in the form of system parameter input or desired system 

response. The ill-conditioning we refer to generally arises from the lack of 

sufficient independent data to define a complex system or the weak 

sensitivity of response to source input parameters. In this paper we shall 

show how small errors in data and assumed fixed and known parameters can 

lead to highly erroneous results in ill-conditioned linear algebraic equations. 

A simplified detection and correction of critical input data arising in the 

coefficient matrix and desired response (i.e., right hand side) is proposed 
herein. 
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INTRODUCTION 


Ill-conditioning is characterized by high sensitivity of solutions to 
small changes in system parameters and data inconsistencies. In this paper 
we shall trace response data and input parameter errors, and show how they 
can create significant solution contamination for ill-conditioned systems. 

We will then show how a simple detection of these inconsistencies is 
possible from an examination of the zero and near-zero eigenvalues and 
eigenvectors of the system. This will be followed by a correction procedure 
which can be used to identify the sensitive data and to correct it as well as 
indicate how to correct the system response or design parameters to achieve 

reasonable solutions. 


TECHNICAL APPROACH 

A technical statement of the problem is as follows: Determine the 
parameters, {r}, which will deliver a desired performance or response, {Y}, 
starting with a design based on initial parameters, {r 0 }, which deliver a non¬ 
optimum response, {Y 0 }. 


Assuming the elements of {r} are reasonably close to the desired design, 
a Taylor series expansion yields 


{V} = {Y 0 } + [ S ] {r - r Q } + {R} 



where { R } are the remainder terms in the approximation and [ S ] is the 
response sensitivity, given by 

fam i 


[S] = 



a {r} 


r = r G 


The usual linearization procedure employed for such problems 
involves performing a least error-squared minimization of the remainder 
terms which results in the symmetric formulation 


[A] {x} = {b} (3) 

where 

[A] = [STS] 

{b} =[S]T {Y-YoJ (4) 
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{X} = {r - r 0 } 


If there is insufficient independent performance data { Y - Y 0 } to 
uniquely determine the system parameters, { r }, [ A ] will be ill-conditioned 
and a solution of Eqn. (3) for the system parameters { r } will be difficult to 
achieve. 

One procedure for solving Eqn. (3) if [ A ] is ill-conditioned (i.e., [ A ] 
has zero or near-zero eigenvalues) is to use the Singular Value 

Decomposition (SVD) method. 1 This requires that the analyst obtain all the 
eigenvalues and eigenvectors of [ A ], which can be computationally 
expensive if the size of [ A ] is large (e.g., 300 by 300) even when the rank 
deficiency of [ A ] is small. 

A more efficient procedure is to use Epsilon-Decompositions^ (E-D) 
which only requires computing the zero, near-zero and lowest non-small 
eigenvalues. This is reasonable since it is only the zero and near-zero 
eigenvalues which make the system ill-conditioned. In this paper we will 
show how to detect and eliminate critical data errors and parameter 
contamination errors. 

CHARACTERIZATION OF ERRORS 
Let us replace Eqn (3) by its approximate version, i.e., 

A’ x' = b’ (5) 

where we have dropped the brackets surrounding the matrices and vectors 

A’ - A 
b' - b 

but x' / x since A is ill-conditioned. 

The approximations in A' are caused by system parameter and 
sensitivity errors, whereas the approximations in b’ are due to response 
errors. 


Let <j>i be the normalized eigenvectors of A and be its corresponding 
eigenvalues. Thus, 

A<l> = O A 


<D-1 = d>T 
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where 


<D = [ <|>1, ip ,... <)> n ] 

and 



The approximation to the eigenvalue matrix, A is A’ 

where 

A’ = A + P 
i.e.,Xi = X’i +pi 
We shall assume that 


<D - *<D 

Therefore, 

<D T [ A’ ] <I> - A' (7) 

Letting 

x’ -Oc’ 

b’»<DJ3’ ( 8 ) 

and substituting Eqn (5) and (6) into Eqn (4) yields 

(Xi + pi) q* = ft’ (9) 

where we have made use of Eqn (5) and (6). 


Subtracting A.J cj = Pi from Eqn (9) and rearranging terms yields 



Pi’ - Pi 


Pici* 
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EFFECTS O F ILL-CONDOTONlNr: 

If the matrix A is ill-conditioned then there will be one or more very 
small eigenvalues, X'i- Therefore, errors in b', as reflected by pi' - Pj, can have 

a significant influence on errors in x, as reflected by ci* - c*. This can be easilv 
seen from Eqn. (10). 7 


Similarly, errors in the sensitivities and input parameters, as 
characterized by the pi, can also influence errors in x ( or ci' - cj). 

SIMPLIFIED CORRECTION OF DATA SENSITIVITY 


Since the large error source in x, for small errors i n A and b, are caused 

by the very small eigenvalues, Vi, it is proposed that the <|>j associated with 

these Xj be computed and their contributions to A’ and b’ be removed as 
follows: 


b' - b = L aj <)>j 

where 

aj = <{>jT b' 

and 

A'-A - IXj' £ <(>j <j>j T ] 

Thus, the A parameter matrices and b' response vectors are chanced 

only as they affect the ill-conditioned nature of the problem. Once these 

critical changes are proposed, the analyst must decide if these potentially 

sensitive changes should be made consistent with the potential error sources 
m the data obtained. 


( 11 ) 

( 12 ) 


. , v P n w. r ? ay also r . wish , to trace back the proposed change in A' and b' to [S’] 
and (Y - Y 0 ) using Eqn. (4). 


CONCLUSION 

A simplified detection and correction of critical data sensitivity for ill- 
conditioned systems has been proposed. It requires computation of the zero 
and near-zero eigenvalues, an their corresponding eigenvectors, for the 

system at hand. Only a theoretical derivation has been presented. Numerical 
examples will be treated in future investigations. 
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Abstract 

In this paper we compare three optimization-based methods for solving aerodynamic design problems. 
We use the Euler equations for one-dimensional duct flow as a model problem, and compare the three 
methods for efficiency, robustness, and implementation difficulty. The smoothness of the design problem 

with respect to different shock-capturing finite difference schemes, and in the presence of grid refinement, is 
investigated. 


1. Introduction 


Most of the effort in devising schemes for solving computational aerodynamics problems has focused on 
the forward, or analysis problem: given the shape of the airfoil (or aircraft), what will be the flow of air over 
it? Of more direct use in designing an aircraft is the solution of the more difficult inverse, or design problem: 
given the flow, what shape will produce it? Recently, due to improved methods for solving the analysis 

problem, and also due to increases in available computational power, there has been renewed interest in 
attacking the design problem. 

Many different approaches to solving the design problem have been developed; these are nicely sum¬ 
marized in [1]. For our purposes, these approaches can be separated into two fundamental classes. In the 
first class, one attempts to solve the inverse problem by (essentially) manipulating the equations governing 
the geometry and the flow so that the geometry can be solved for, once the flow is specified. In the second 
class, a method for solving the forward problem is used iteratively, employing an optimization strategy to 
vary the airfoil shape in some systematic way until (close to) the desired flow is obtained. The second 
class of methods, while generally much more computationally intensive than the first, offers more promise 
for handling difficult geometries and complex flow phenomena, and takes advantage of existing methods for 
solving the associated analysis problems. 

The objective of this paper is to compare several optimization-based approaches for solving the design 
problem. To do so, we introduce a very simple model problem. The analysis problem for this model is well- 
known and has been widely used for testing numerical methods for flows with shocks; it is the problem of 
determining the steady, one-dimensional flow of an inviscid fluid in a duct with a specified spatially-variable 
cross-sectional area. The design problem for the model is to determine the duct shape from the flow solution. 
Except for one-dimensionality, the flow phenomena exhibited by solutions of the model are quite similar to 
those in two-dimensional inviscid flow over an airfoil; this point is illustrated in Figure 1. Thus, we may 

hope to gain some insight into the nature of the airfoil design problem by studying the vastly simpler duct 
flow model. 

In Section 2 below we present the model analysis and design problems. In Section 3 we present three 
distinct optimization methods for solving the design problem, and discuss the relationships between them. In 
Section 4 we display some computational results using the three methods, and discuss the tradeoffs between 
them. In Section 5 we present our conclusions. 


77 



2. Model Problem 


2.1 Continuous Analysis Problem 


The steady flow of an inviscid fluid in a duct of variable cross-sectional area A(() is governed by the 
Euler equations 

^+£ = 0, 0<f<l, (1) 


where 


/ ^ \ 
T - (pu 2 + p)X , 

\(pE + p)uA/ 




> 


£ is distance along the duct, p is density, ti is velocity, E = e + ti 2 /2 where e is specific internal energy, and 
p is pressure. Here, the subscript £ means differentiation with respect to £, and it is assumed that A(£) is a 
given, differentiable function. The pressure p is given by the equation of state for a perfect gas, p = ( 7 — 1 )/>e, 
where 7 > 1 is the gas constant. (For air, 7 = 1.4.) We assume supersonic inflow at £ = 0 and subsonic 
outflow at £ = 1 . Under these circumstances, it is proper to specify three boundary conditions at £ = 0 and 
one boundary condition at £ = 1 [ 2 ]. 

In [3] we show how, under these conditions, ( 1 ) can be reduced to a single ordinary differential equation 
in u. This equation is 

f( + 9 = 0 ( 2 ) 

where 

/(«) = u + tf/u, g( U, 0 s ^-(yu - H/v), 

and 7 = ( 7 — 1)/(7 + 1 ) and H = 2Hy are given constants. Here, H = 7 e-ft / 2 /2 is the total enthalpy, which 
is evaluated at the inflow boundary. Equation (2) is fully equivalent to ( 1 ); no approximations have been 
made in the derivation. 

Now we pose our analysis problem, specified so that the solution contains a single shock at is 
supersonic for 0 < £ < and subsonic for (, < f < 1 . 

i4na/ysis Problem 
Given: 

A(Z), > 0 (3a) 


Find: 


' ft + 9 = 0, away from the shock;, 

* ur = H and ul > u. > ti*, at the shock; 

(36) 

«(£ = 1) = Uout < ti. 

‘ and other technical conditions 


u(£) satisfying 


«(£ = 0) = u in > u. 


Here, u. is the sonic velocity y/]{ i the conditions at the shock are the Rankine-Hugoniot jump relation 
and the entropy condition, and the specified boundary values are the inflow and outflow conditions. The 
technical conditions amount to certain relationships between u, n and tw that must hold in order for a 
solution to exist; see [3]. 
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2.2 Discrete Analysis Problem 

We introduce three discretization methods for (2) to be used in solving (3) ; these methods differ in 
their degrees of continuity, which has an effect on the results obtained with the design optimization methods 
presented later. 

Let the £ -coordinate be discretized by a uniform, cell-centered grid with centers at = (j — 1/2)A, 
h — 1/J, where J is the number of unknown grid values. Let u ; - represent a piecewise constant approximation 
to ti on each grid cell. Then, a conservative difference scheme for (2) is given by 



/;' + l/2 ~ /; —1/2 

h 




Here the source term gj = g(uj , (A^/A)j) and we assume that the duct shape A(£) is given by a piecewise 
cubic spline described in the B-spline basis [4] with coefficients b m for m — 1,2,..., M and that A(0) 
and >1(1) are fixed. is obtained by evaluating the spline and its derivative at . The boundary 

conditions on u are uq = u(£ = 0) and uj+i = u(£ = 1). 

It remains to prescribe the fluxes 35 functions of Uj and +Three such prescriptions are 

/ G . f EO j and f AV t corresponding to the Godunov, Engquist-Osher, and Artificial Viscosity methods for 
numerically approximating hyperbolic conservation laws; see [3]. The Godunov flux f G corresponds roughly 
to the first order upwind scheme frequently used in computational aerodynamics, and is a C° function of 
its arguments. The Engquist-Osher flux f BO is a slight perturbation of f G that makes it C l . The artificial 
viscosity flux f AV is entirely different, and is C°°. The abilities of these schemes for sharply representing 
computed shock waves vary somewhat inversely to the degree of continuity, with the Godunov scheme having 
about one grid cell interior to a shock, the Engquist-Osher scheme two cells, and the Artificial Viscosity 
scheme many cells. Because continuity is an issue later, we will refer to these schemes as the C°, C 1 , and 
C°° difference schemes, respectively. 

Once the discretization has been made, we are faced with solving a system of nonlinear algebraic 
equations. The system is 

Discrete Analysis Problem 

Given: b mi m = 1 ,..M (spline coefficients describing A(£)) 

Find: Uj satisfying 

W(u) = 0. (5) 


Here W is the vector of discretized equations (4) for j = 1,2,.J and the boundary conditions on u. We 
will refer to the method for solving the analysis problem as the analysis code . The actual method employed 
in the analysis code may be Newton’s method (or a variant), some other iterative method (e.g., multigrid), 
or a time-marching scheme that approximates a time-dependent differential equation. 


2.3 Continuous Design Problem 

We next turn our attention to posing the design (or inverse) problem: given the flow solution ti(£), 
what is the duct geometry A(£)? In other words, we want to find that duct geometry A(£) such that the 
solution of (3) is some specified function ii(£)- Some of the obvious ways of stating the design problem 
are mathematically improperly-posed; see [3]. Given these difficulties, we are led naturally to seek a least 
squares approximate solution; that is, we want to solve 

Design Problem 

Given: u({) 

Find: A(£), A{ > 0 such that u(£) satisfies (3b) and ||ti(£) — u(f)|| 2 is minimized. 

We note that this particular objective function puts a large premium on getting the shock located 
correctly, and that precise location of shocks may not be as important in practical design problems for 
airfoils or aircraft. 
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2.4 Discrete Design Problem 

We assume that a desired (or goal) velocity distribution u ; - is given for each computational cell in the 
analysis problem. Then we have 

Discrete Design Problem 

Given: , j = 1, * •»J 

Find: 6 m , m = 1,2, ..., M (spline coefficients describing >1(0) such that (5) 
is satisfied and ££/ =1 (ti; - tij) 2 is minimized. 

Later we will consider three variations on this problem that amount to leaving A(£) unconstrained, 
requiring A( > 0, and requiring A^ have the “correct” sign. The latter two translate into simple linear 

constraints on the B-spline coefficients 6 m . 


3. Approaches to formulating design problems using optimization 

Most of the recent literature on the aerodynamic design problem features specific optimization ap¬ 
proaches or specific design problems. In this section we present a general view of the problem of optimal 
design. In particular, we consider three different methods for formulating the design problem as an optimiza¬ 
tion problem. Concepts for these approaches are illustrated by their application to the duct design problem 
discussed in Section 2. Except for these illustrations, this section is independent of the previous material. 


3.1 The Black-Box Method 

The black-box method is the most direct approach to optimal design. In the black-box method the 
analysis code is repeatedly invoked as the design variables are altered by the optimization code. Since the 
analysis code is independent of the optimization code, it may be treated as a black-box. 

If the design is characterized by a vector xo of no design variables then the optimal design problem is 

given by > 

minimize t(xo) , 

x D € R n ° (6) 

subject to C(xo) > 0 , 

where t(xo) is the objective function* and C(xo) is a vector of mo constraint functions. In the black-box 
method, each evaluation of f(x/>) requires a solution by the analysis code. 

Often, the function f will be formulated in terms of flow variables xp. The flow variables are the physical 
variables on the discretization grid, such as velocities or pressures. For example, the objective for the duct 
design problem is a function of velocities on the grid cells. In this situation, t is dependent on the design 
variables xo in an indirect manner. That is, the variables xo are linked to the flow variables xp via the 
differential equations or the discretization of these equations, since the flow variables will change when (for 
example) the geometry is altered. In general, i will have both a direct dependence on xp and an indirect 
dependence on x/>, due to the dependence of xp on xo* Thus, one could consider the objective function 
to be i{zp(xo),xo)- The term zf(zd) indicates that, given xx>, the value of xp is obtained by solving an 
analysis problem. 

The constraints C may also have an indirect dependence on the design variables. However, they will 
often be shape constraints formulated directly in terms of xx>. For example, one version of the duct design 
problem requires that the duct area increase monotonically. This constraint can be formulated in terms of 
the coefficients of the piecewise polynomials that define the area function A(£). 

One of the drawbacks of the black-box approach is high computational cost. Typically, efficient op¬ 
timization codes (see e.g., [5]) for solving (6) require computation of Vo f and VoC , the gradients of 
the objective function and constraints with respect to the design variables. Computing these derivatives 

* Note that the typewriter font i is used for the objective function to distinguish it from the flux function 
/ introduced in Section 2. 


80 



by one-sided finite differences requires solving no analysis problems, where each problem corresponds to a* 
perturbation of a different component of X£>. One mitigating factor is that solving these perturbed analysis 
problems should be considerably cheaper than solving arbitrary problems, at least when the analysis code 
employs an iterative solver. This is due to the availability of the solution of the ‘nearby’ problem at the 
nominal value of zo as a starting guess for the iteration at the perturbed value of xo- In the next section 
we show that the first derivatives for the design problem can often be computed by another method for 
considerably less cost than solving no analysis problems. 

An advantage of the black-box approach is that the analysis code can be used essentially without 
modification. Thus, there is no need to tamper with complicated discretization schemes such as those used 
in most advanced computational aerodynamics codes. 


3.2 A Black-Box Scheme Using an Implicitly-Derived Gradient 

In this section we describe a method, based on the implicit function theorem, for “cheaply” computing 
derivatives required in the optimization. Similar methods are mentioned in reference [6] and the citations 
therein. For simplicity, the unconstrained version of (6) is considered. However, the results apply to the 
constrained problem as well. 

Assume that the analysis problem has been discretized so that an analysis consists of solving a system 
of nonlinear equations. In this case function evaluations for the black-box method are computed as follows. 
Given a design specified by xo, the analysis code solves W(xp) = 0, where xp is the vector of np flow 
variables and W is a vector of np nonlinear equations. Since the analysis problem is an implicit function of 
xo it can be viewed as solving 

W(xp,x D ) = 0 (7) 

for xp t given a design specified by X£>. 

Suppose that xp and xo are considered as subsets of the np + no vector x given by 

* = ( xp | xo ); ( 8 ) 

the Jacobian (first-derivative) matrix of (7) is then 



where J is np x (np + no), Jp is the np x np Jacobian with respect to the flow variables and Jo is 
the np x no Jacobian with respect to the design variables. (The partitioned view of the Jacobian implies 
np no) this will usually be the case.) Note that Jp is often available in analysis codes, especially those 
based on Newton’s method and variants. 

Consider the function i(xp^xo), where f is the same as the black-box method objective function f, 
except that xp and xo are considered to be independent of each other. The function i(xp,xo) is then 
equivalent to the black-box method objective function i(xp(xo), xo) only when (7) is satisfied. Computing 
gradients of i is considerably simpler than computing gradients of f. This is due to the fact that the partial 
derivatives of f with respect to variables in xo can be computed with the assumption that xp is fixed. In 
contrast, the partial derivatives of f with respect to variables in xo must account for the fact that xp is a 
function of xo- 

Usually Vpi and Vpl, the gradients of f with respect to the flow variables and the design variables, 
respectively, are available as an analytic expressions or can easily be computed by finite differences. For 
example, the discrete design problem for duct flow has (V/*f(x)) = Uj — and Vx>f(x) = 0. However, 
the black-box method requires the gradient of f with respect to the design variables xo ■ The theorem 

below provides an efficient way to compute , given V pi and Vx>f; the proof may be found in [3]. 

Theorem If W(xf } xo) = 0 and W(xp t xo) is C l in a neighborhood of x = (xp f xo), with Jp 
nonsingular at x then 

Vd t(x D ) = V D i(x) - Jl jp T V F i(x) . (10) 
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(Here, superscript T indicates transpose.) 

The following algorithm could be used for computing V^f using equation (10). First compute Vpi 
and V/>f, solve j£y = Vr* for y and then compute V pt = Vpt-J^y. Thus, computation of Vpi by the 
implicit method requires computing Jp and solving the linear system J'fy = Computation of Jp by 

forward finite differences requires n p evaluations of W(xp t xp). Note that evaluation of W(xp,xp) (some¬ 
times referred to as “computing the residuals”) is usually significantly cheaper than solving W(xp,xp) = 0, 
i.e. solving the analysis problem. Solving J'fy = V pi is trivial if the analysis code computes a factorization 
of Jp. However, if an iterative method such as pre-conditioned conjugate gradient is used in the analysis 
code, then the iterative solver must be adapted to solve the transposed system. 

Some analysis codes do not provide Jp or an iterative solver for systems involving Jp; an example is 
a time-dependent code where the steady state solution is found by stepping through time. The implicit 
gradient scheme can still be used in this case, provided that Jp can be computed efficiently using sparse 
finite differences (see e.g., [7]). The sparse difference approach only requires that the analysis code provide 

the values of W{x Ft xp) when values of xp and xp are input; most codes, if not already in this form, can 
be easily modified to produce W . 

In general, computing implicit gradients is much cheaper than computing gradients by finite differences. 
This is because the finite difference gradient computation requires the solution of Tip analysis problems. In 
contrast, computing the gradient implicitly requires np evaluations of the flow equations W(xp,xp) and one 

solve of a linear system with the matrix Jj. A disadvantage of the implicit scheme is that some (perhaps 
substantial) modification of the analysis code is required. 


3.3 The All-at-once Method 

In deriving the implicit gradient method the objective function f and the discretized differentia] equa¬ 
tions W were considered to be functions of the independent sets of variables x D and x F . Thus, one could 
consider a design method where both xp and xp are treated as optimization variables and the flow equations 
W {xp t x D ) — 0 are treated as equality constraints. This all-at~onct method can be described formally as 

minimize £(£/*, xp) , 
x £ 

subject to C(xp y xp) > 0, 

W(x Ft x D ) = 0, 

where x = (x F; x D ) and the vector C are the design constraints as in (6) . An iteration of the optimization 

now involves simultaneous modification of both x F and xp. A similar approach to the design problem is 
described in [8]. 

An advantage of the all-at-once method over the black-box method is the probability of requiring 
considerably fewer equivalent solutions of the large discretized system W(x) = 0. This is because the black¬ 
box method requires the solution of W(x F ) = 0 for each change in x />. However, in the all-at-once method, 
each change in x D requires the computational equivalent of only one step of a Newton solver for W(x F ) = 0. 

Another advantage of the all-at-once approach is that it does not require the existence of solutions to 
the analysis problem for all values of the design variables generated in the course of the optimization. All 
that is required is that the residual of the system W(x F ,x D ) be computable for the values of x F and x D 

generated by the optimizer. However, by definition, the analysis problem must be analyzable at the optimal 
value for xp. 

A big disadvantage of the all-at-once method is that the optimization code is not isolated from the anal¬ 
ysis code. That is, since the optimization code must simultaneously change the analysis and design variables, 
it must contain all the specialized software required for an analysis. In particular, even if the number of 
design variables is small, the optimizer must include code for handling large analysis problems; for example, 
sparse matrix factorization codes or codes that compute preconditioners and conjugate gradient iterations. 

Consequently, the all-at-once optimization code may have to be modified significantly for application to each 
new analysis problem. 
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Another disadvantage of the all-at-once method compared to the black-box method was discovered in 
tests on the duct design problem: the all-at-once method is much more susceptible to derivative disconti¬ 
nuities arising from finite difference schemes designed to sharply approximate shocks. This is because the 
optimization in the black-box method sees potential discontinuities only if shocks move to different grid cells 
from one converged analysis to the next. In contrast, the all-at-once method has potential derivative discon¬ 
tinuities if shocks move to different grid cells for consecutive values of xp in the optimization iteration. Since 
shock locations can move significantly when xp is far from an analysis solution, this type of discontinuity is 
much more pervasive with the all-at-once approach. 


4. Numerical Results 

In this section we present numerical results obtained by applying the design methods discussed in Section 
3 to the discrete design problem for duct flow described in Section 2. The testing was done on a Sun SPARC 
workstation. The optimization code used was NPSOL, a product of the Systems Optimization Laboratory, 
Stanford University. NPSOL is an implementation of a sequential quadratic programming method. 

The design variables (called xp in Section 3) were the B-spline coefficients describing the duct geometry 
A(£). The two end values of A were fixed at A(0) = 1.05 and A(l) = 1.745. The tests were run for the case 
of two design variables (np = 2) and ten design variables (np = 10). The results for np = 2 are found in [3] 

, and those for np — 10 presented here in some detail. The linear duct shown in Figure 2a was the initial 
design for each run. 

Velocities along the duct were the flow variables (called xp in Section 3) for the duct design problem. 
We took J = 40 grid cells, so there were np = 40 flow variables. The boundary conditions were uq = 1.299 
and = 0.506. The flow variables resulting from an analysis of the linear duct, using the C° difference 
scheme, appear as crosses in Figure 2b. 

The analyses in all the black-box method optimization runs were “warm started.” That is, the initial 
values for the flow velocities were taken from the preceding analysis. The initial velocity profile for the first 
analysis in an optimization run was a linear profile connecting the boundary conditions. 

The velocities Uj used as the design goal were the evaluations on the computational grid of the analytic 
solution for a duct with a cross-sectional area given by a sinusoidal perturbation of the linear duct. This 
velocity profile is the continuous curve in Figure 2b. 

Figures 3-5 show the optimal solutions for the np = 10 duct design problem using the C °, C 1 and C°° 
difference schemes, respectively. The np = 10 case allows enough degrees of freedom for “wavy” ducts to 
be generated in the optimization process. It is clear from Figures 4 and 5 that strangely shaped optimal 
ducts result from the higher continuity difference schemes that allow a “smearing” of the shock. This is 
particularly true for the C°° scheme. 

Table 1 gives the numerical results for the np = 10 design problem with no constraints. “Bbox (fd 
grad)” and “Bbox (impl grad),” respectively, denote the black-box scheme with finite difference gradients 
and gradients computed using the implicit method. “Opt. Found? - Yes” indicates that the optimization 
code converged to the optimal solution (all optimization methods converged to the same solution for a 
given difference scheme). The number of optimization iterations, number of function evaluations and CPU 
time are indicated in the “No. Itrns,” “No. Fevals,” and “Time” columns, respectively. The number of 
gradient evaluations is approximately the same as the number of function evaluations. The “No. Equiv. 
Newton Steps” column indicates the number of times the optimization method requires a computation 
that is is equivalent to the work of a Newton step on the discretized analysis problem, solve W(xp) = 0. 
This measure of computation cost is used because this cost will dominate for large problems. Inclusion of 
equivalent Newton step results is intended to provide & more meaningful basis for performance evaluation 
than would be obtained by solely considering CPU times on a small problem. 

The black-box scheme using implicit gradients is always more efficient than the black-box scheme with 
finite-difference gradients. The advantage of using the implicit gradient scheme increases as the number of 
design variables increases. This is to be expected since np is the number of analyses required to compute 
the gradient by one-sided finite differences, whereas np is only a secondary factor in the computation cost 
for the implicit gradient method. 

In results not shown here, we found the all-at-once method to be susceptible to difficulties due to low- 
continuity finite difference schemes; sometimes, it would not converge, or would converge to an undesirable 
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Table 1. Test Results for tid = 10, no constraints. 


Problem 

Difference 

Opt. 

No. 

No. 

No. Equiv. 

Time 

Formulation 

Scheme 

Found? 

Itrns 

Fevals 

Newton steps 

(secs) 

Bbox (fd grad) 

c° 

yes 

31 

48 

1216 

105.4 

Bbox (impl grad) 

c° 

yes 

31 

48 

317 

35.9 

all-at-once 

c° 

yes 

19 

30 

19 

32.3 

Bbox (fd grad) 

c l 

yes 

30 

46 

1143 

97.1 

Bbox (impl grad) 

c 1 

yes 

28 

45 

315 

27.2 

all-at-once 

c 1 

yes 

19 

31 

19 

33.8 

Bbox (fd grad) 

c°° 

yes 

28 

40 

998 

68.9 

Bbox (impl grad) 

c°° 

yes 

29 

42 

257 

23.3 

all-at-once 

c°° 

yes 

11 

12 

11 

18.2 


lo£ a| minimum. However, when the all-at-once method does work, as in the C°° case, it is much more 
efficient than the black-box schemes. This is particularly true in terms of equivalent Newton steps. 

To make the optimal duct design more physically reasonable, design constraints were imposed. Initially, 
first-derivative positivity (monotonicity) constraints were imposed. The optimal duct for the C° scheme is 
unaffected by the monotonicity constraint. The monotonicity constraint yields an acceptable optimal duct 
or t e C scheme. The optimal duct for the C°° scheme with monotonicity constraints is considerably 
smoother than the optimal unconstrained duct, but it is still somewhat ugly. 

In addition to the monotonicity constraints, second-derivative constraints were imposed which required 
the duct curvature to have the “correct” sign. The second-derivative constraint has little effect on the optimal 
and G scheme ducts. However, the new constraint results in an acceptable optimal design for the C°° 


Table 2 compares the number of equivalent Newton steps required for the all-at-once method with 
those required for the most efficient biack-box method, on problems where they both computed the optimal 
design. The all-at-once method has a significant advantage in the unconstrained case. However, adding 
design constraints reduces this advantage. A partial explanation of this trend is that the optimization 

™f, 0d *? lv “ a 8 uad r at,c programming problem (QP) at every iteration. Since the all-at-once method 
me udes the flow variables m the optimization problem, it works with a much larger QP than the black-box 
methods Thus when constraint inequalities enter and leave the active set, the all-at-once method must 
per orm linear algebra computations on much larger problems than the black-box methods. Despite this 

disadvantage, the al -at-once method always required many fewer equivalent Newton steps on C°° scheme 
problems than the black-box methods. 


Based on the duct design tests, several summary statements can be made.'A general trend is that 
increasing the continuity of the difference scheme reduces the difficulty in the optimization runs, but increases 

Wh ‘ Ch thC i e l , ? n mUSt be constrained ' Summary observations comparing the three problem 

to whii lT ar< n g,VCn ' n Tab ! e 3 ‘ They are com P ared based on robustness, computational cost and the extent 
to which they allow independence of the optimization and analysis codes. (The two black-box methods tied 
for first in the robustness category.) 

The test results indicate the desirability of improving the robustness of the all-at-once method so that its 
efficiency advantage can be exploited. One way to do this is to give the all-at-once method a very good initial 
estimate of the solution for both the flow and design variables. This idea was tested on the n D i 10 design 

inTtfil fiA» USm 5 i ^ C K? nCe SChe T WUh b ° th monotonicit y “ d curvature design constraints. The 
in.t ai flow and design variables were taken from the optimal solution computed by the all-at-once method 

C° nroM ° f thl r S £? b T* 16 aI1 * at * once method then converged to the optimal solution of the 

? P fi blem at tb r°% of 143 e< l uivalent Newton steps- The total cost for both the C“ initial solution and 
the final run on the C problem was 198 equivalent Newton steps. This is an improvement over the 315 
equivalent Newton steps required by the best black-box method. 

The final test results presented here relate to the smoothness of the optimal design problem. For this 
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Table 2. Equivalent Newton Steps for Bbox (impl grad) vs All-at-once Method. 



Table 3. Summary Comparison of Design Problem Formulations. 



in U the tZT.i neSS K l0t ?- T ° bUined iD thC = 2 desi ? n case - The smoothness plots show the change 
between 0 9 and 1 1 oViT UDC ^ 0 ^ aS ,° ne the duct ' defimn S s P Iine coefficients is perturbed over a range 
C' Z7dC~ Sti'L Th n °T ,na ‘ Val f Ue l . F i g “ reS S' 8 ' res P ect 'vely, show the smoothness plots for the C°, 
a II 7u f h . \ Th , e nUlty of the dlfference schemes is clearly reflected in the test results. 

emolov arid r?fin reSU t | thus far are for a fixed - coar! * computational grid. Many analysis codes 

in^rS. l n ' qUeS tC> Capture the details of flow Matures, such as shocks. Thus it is of 

interest to consider the smoothness of the design problem when grid-refinement is used. Figure 9 shows the 

it tr. ror H th ' c r 8chem ' wh “ ? s,mpie ^ » -«»«.he „J ,rrt 

The inltl T mU r "T aCCUratdy usin « « rid refinement than using the fixed, coarse grid, 
the sum of siuar«°°on T $ ' •?* *. nd - refi r ne i ment case we re run using an objective function that is 

goal veToci irF^re lS i! T* ^ of / he dances between the computed velocities and the 
goal velocity Figure 10 is the smoothness plot for this objective function using the C~ scheme with end 

[nfr D T en d ■ ( f Sl ?k llar ST** " e ° btained f ° r the ° ther difference schemes.) Considerable disTonUnuityt 
introduced into this objective function by grid refinement. discontinuity is 

objective ^oth the d ^ nt “. uiti “ discussed above > a new inltgral objective function was used. For this 

Lbg rbic snLO^^ ThToV t 80 r ^ ° n C r f ned -« rid and the design goal were interpolated 

of the d5 u 7 ° bj f CtlVe funct,on w “ then defined “ the numerical integral of the sum-of-squares 

with the ! Cre T f T thC tW ° SpHnC CUrVCS - Fi « Ure 11 shows tbe sm °othnei plot for the C° schem“ 
new objective function and grid refinement. (Similar results are obtained for the other difference 
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schemes.) Figure 11 indicates that the combination of grid refinement and the integral objective function 
results in a smooth design problem, even for the C° scheme. 

5. Conclusions 

We have presented three methods for formulating design problems as optimization problems. The first 
is the black-box method where the optimization code is completely separated from the analysis code, and 
the optimization code repeatedly invokes the analysis code to provide values of the flow variables that are 
used to evaluate the objective function of the optimization. Most of these invocations of the analysis code 
are made by the optimization code in order to evaluate finite difference approximations to the gradients 
of the objective function (and constraints) with respect to the design variables. In general, this is very 
costly. We therefore presented a modification of the black-box method where these gradients are found by 
an algorithm based on the implicit function theorem. This black-box method with implicit gradients inherits 
most of the good properties of the black box-finite difference gradient method (good robustness, considerable 
independence of the optimization and analysis codes), while substantially reducing the computational cost. 

The black-box method with implicit gradients can be retrofitted to most existing analysis codes to turn 
them into design codes. The amount of work required depends on the solution methodology employed in the 
analysis code. The largest task is to solve linear systems with a coefficient matrix that is the transpose of 
the Jacobian of the discretized flow equations with respect to the flow variables. In many cases (primarily 
in schemes based on Newton’s method), this Jacobian is already computed by the analysis code. In other 
cases, it can readily be obtained by sparse differencing. In all cases, a solution method for the transpose of 
the Jacobian needs to be provided. While this is trivial if a direct factorization of the Jacobian is employed 
in the analysis code, such will rarely be the case for large scale (three dimensional) problems. It remains to 
be determined how iterative methods can best be adapted to solve transposed systems. 

The other method we introduced was the all-at-once method where the optimization simultaneously 
varies the flow and design variables, and the discretized flow equations are viewed as equality constraints on 
the optimization. The primary difference between the all-at-once approach and the black-box approach is 
that the discrete flow equations are not required to be satisfied in the optimization iteration until the optimal 
solution is reached. Obviously, the optimization methodology and the flow equation solution methodology 
need to be tightly integrated in this approach, so that code independence is sacrificed. We found in our tests 
on the model duct flow problem that the all-at-once approach was less robust than the black-box approach, 
often failing to converge or converging to an undesirable local minimum. This was especially true when 
difference schemes of low continuity (those giving the sharpest shocks) were employed. However, when the 
all-at-once approach succeeded, it was dramatically less expensive than the other approaches. Since expense 

is a key issue for large problems, further investigation of how to increase the robustness of the all-at-once 
method seems justified. 

The issue of smoothness of the black-box design problem was examined. It was concluded that the 
optimal design problem can be quite smooth, even in the presence of low continuity difference schemes and 
grid refinement, provided the design objective function is appropriately defined 
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DESIGN OF LAMINAR FLOW BODIES IN COMPRESSIBLE FLOW ‘ 

Simha S. Dodbete, Research Scientist 
Vigyan, Inc., Hampton, VA 

ABSTRACT 

An optimization method has been developed to design axisymmetric body shapes such as 
fuselages, nacelles and external fuel tanks with increased transition Reynolds numbers in 
subsonic compressible flow. The method involves a constraint minimization procedure 

coupled with analysis of the inviscid and viscous flow regions, and linear stability analysis 
of the compressible boundary-layer. Boundary-layer transition is predicted by a "hybrid" 
transition criterion based on Granville's transition criterion and a criterion using linear 

stability theory coupled with the e n -melhod. A tiptank of a business-jet is used as an 
example to illustrate that the method can be utilized to design an axisymmetric body shape 
with extensive natural laminar flow. On the original tiptank boundary layer transition is 

predicted to occur at a transition Reynolds number of 6.04 x 10® on the original tiptank. On 

the designed body shape a transition Reynolds number of 7.22 x 10® is predicted using 
compressible linear stability theory coupled with e n -method. 

Introduction 

i 

Recent advances in airplane construction techniques and materials employing bonded 
and milled aluminum skins and composite materials allow for the production of 
aerodynamic surfaces without significant waviness and roughness, permitting long runs of 
natural laminar flow (NLF) over wings in subsonic flow. These advances lead to excellent 
opportunities for airplane drag reduction by increasing the extent of NLF over wings [1J. 

As compared to lifting surfaces laminar flow research on nonlifting air-frame surfaces, 
such as fuselages, nacelles, and external fuel tanks has received limited attention (2.3J. 

Reference 3 presents a recent overview of incompressible transition experiments on 
axisymmetric bodies. References 4-6 presented results of mostly, incompressible, under¬ 
water transition experiments over bodies of revolution with varying fineness ratio, 

indicating maximum transition-ReynoIds numbers of about 20 million for low fineness ratio 
bodies. 

A recent study {7] of bodies of revolution at high subsonic speeds without supersonic 
regions demonstrated the potential for tripling the length of sufficiently stable laminar 

flow at Mach number (M) = 0.8 and Length-Reynolds number (Rl) = 40 x 10®, in comparison 
with incompressible speed at the same length Reynolds number. A transition experiment 
was conducted in the NASA-Ames 12-ft. pressure tunnel by Boltz et al., [8,9] at high subsonic 
frecstream Mach numbers, measuring the transition locations on two ellipsoids of fineness 
ratios (f r ) of 7.5 and 9.14. Transition occurred as far downsteam as 80 to 88% at M = 0.90 to 

0.96. Reference 10 presents correlation of compressible boundary-layer-stability analysis 
done for several of the experimental results reported by Boltz et al. and indicates that 
integrated T-S linear logarithmic amplification factors (n-factors) of 8-11 are obtained at 
the point of measured transition onset. 

The transition process over an axisymmetric body shape is caused by large amplitude 
growth of Tollmien-Schlichting <T-S) disturbance waves in the laminar boundary-layer 
flow. In compressible flow, the presence of density gradients in the boundary layer in the 
direction normal to the wall in addition to the velocity gradients can result in a large 
reduction in the spatial growth of T-S disturbances in the laminar boundary layer. The 
favorable damping effect of the T-S waves in compressible flow contribute to the 
achievement of increased transition-Reynolds numbers (R tr ) on lifting as well as 
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nonlifting aircraft surfaces in the absence of strong crossflow [7], This favorable effect of 
compressibility should be exploited in the design of advanced NLF bodies for application to 
general aviation, commuter, transport and business aircraft. 

This paper presents a new design method in which Granville’s transition criterion and 

the e n -method (originally introduced by Smith [11] and Van Ingen [12]) has been 
incorporated to generate body shapes with increased transition Reynolds numbers at 
subsonic compressible speeds. Design calculations for a tiptank in compressible flow are 
presented as an example case. 

Optimization P rocedure for NLF Body Design 

The design method developed to obtain body shapes with extensive runs of laminar flow 
is illustrated in the flowchart (Fig. 1). Initial values of the design variables describing the 
body shape are input along with the length Reynolds number, Mach number of the free 
stream, and the fineness ratio of the desired body shape. The axisymmetric body is 
described by design variables representing the body ordinates in the forebody section and 
in the afterbody section 

A constrained minimization method (CONMIN) [13] is coupled with analysis of the inviscid 
and viscous flow regions, linear stability analysis of the compressible boundary-layer and a 
transition prediction method.The aerodynamic analysis program used in the present 
optimization procedure is based on a low-order surface-singularity method (VSAERO) [14].* 
Pressure distributions and velocity distributions can be computed by this method which 
uses surface singularity panels to represent the body shape. The boundary-layer profiles 

along the surface of the body, required for the e n -method, are generated by a modified 
axisymmetric boundary layer code (HARRIS) [15]. The boundary-layer finite difference 
program calculates detailed boundary-layer velocity and temperature profiles along with 
their first and second derivatives normal to the surface, including the effects of transverse 
curvature. Analysis of the laminar boundary-layer stability along the body is done by 
using compressible linear stability theory. The COSAL program [16] solves the finite- 
differenced, boundary-layer stability equations by using matrix methods. The compressible 
T-S eigenvalue problem is solved for each boundary-layer station along the body surface 
giving temporal growth rates of the instability waves propagating at specific wavelengths 
and wave angles. The temporal growth rates are transformed to the spatial growth rates 
using Gaster's phase-velocity relationship [17]. Boundary-layer transition is predicted by 

the e n -method in which n, usually referred to as n-factor, is obtained by integrating the 
linear growth rate of the T-S waves from the neutral stability point to a location 
downstream of the body. 

The correlation of a large number of wind tunnel data and flight transition experiments 

with linear boundary-layer stability calculations has made the e n -method a consistent 
transition-prediction method [18]. For experiments in wind tunnels with low turbulence 
and low acoustic levels the onset of transition can be correlated with an n-factor of 9 to 11 
in subsonic, transonic and supersonic flows. In the case of flight tests, higher n-factors of 
the order of 12 to 15 have been observed to correlate transition. In the present design 
calculations, the n-factor in the design method can be chosen so as to suit a particular 
application- e.g., to design a body for a wind tunnel, a flight test article, or an under-water 
body. 

A number of geometric and aerodynamic constraints are imposed on the design 
parameters to generate practical and realistic body shapes for given design conditions. The 
geometric constraints will be that the design variables are constrained by the specified 
upper and lower bounds. Judicious choice of the upper and the lower bounds for the design 
variables will accelerate convergence of the solutions. The level and the location of the 
minimum surface pressure along the body surface are aerodynamically constrained by the 

requirement that the turbulent boundary layer over the aft-portion of the body should not 

separate until x=0.95 for the design conditions. The objective function is taken to be a 

function of the location of transition predicted by the following "hybrid” transition 

criterion. 
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f obj =1 ‘ x tr^> where x tr< h > " ( x trte> + (1) 

* s thc transition location predicted by using Granville's transition criterion and 

x tr (e n )is the transition location predicted by using e n -method with an n-factor of 9. But for 

calculating the gradients of the objective function Granville's transition criterion is used 
for predicting transition. 

The objective function given by Eqn. (1) is to be minimized subject to the constraints on 
the design variables. The optimizer computes gradients of the objective function using 
Granville’s transition criterion and then, using either a conjugate direction method or a 
method of feasible direction, determines a linear search direction, along which a new 
constrained variable is constructed. 

An improved or minimum feasible objective functional value is calculated by using the 
hybrid transition criterion given by Eqn. (1) and a series of proposed updated design 

variables are calculated. The objective function and the constrained function are evaluated 

using the updated design variables, interpolating over the range of feasible proposed 

design variables resulting in a minimum value of the objective function. The results are 

tested against a convergence criteria. The procedure will stop if the convergence criterion 
is satisfied, giving a body shape with maximum transition length satisfying the separation 
constraint. If the convergence criterion is not satisfied the design parameters go through 
the analyzer again resulting in a new set of design variables and the procedure is repeated 

until a final body shape is obtained. 

Details of the D esign Method 

The present computational procedure is used to design axisymmetric bodies at zero 
incidence. At zero incidence, thc growth of the two-dimensional, T-S disturbances is the 
most dominant instability mechanism on an axisymmetric body leading to transition in the 

boundary layer if laminar separation does not happen earlier than natural transition. For 

the aerodynamic analysis, the body is modelled by 32 panels in the axial direction and 8 
panels in the circumferential direction. Using the VSAERO panel method inviscid pressure 
distributions were obtained and interpolated at 200 axial stations. The boundary-layer 
velocity and temperature profiles are obtained with 101 points in the direction normal to 

the surface and 90 stations in the streamwise direction. Presently, in the design method the 

boundary layer calculations are carried out for adiabatic wall conditions and zero suction 
through the wall. 

The boundary-layer stability equations for the example considered are solved at every 
5th streamwise boundary-layer station starting from the first station. The boundary-layer 
stations are skipped from the point of view of reducing the computational time. In the 
global search for eigen values, the sixth-order stability equation is solved at each chordwise 
station and in the local search for the eigen values the full eighth order stability equation 
is solved. Prior knowledge of the critical boundary-layer disturbance frequencies, which 
are functions of the Mach number helps to identify the critical frequency spectrum during 
the course of the design optimization. To assess the effect of extending the length of 
laminar boundary-layer flow over the geometries analyzed, calculation of the viscous drag 
is made using a modified integral boundary layer approach [3]. 

Computational Results and Discussions 

To increase the speed of computations the design program is run with the initial body 
geometry using Granville's transition criterion to obtain a converged body shape. The final 

body shape obtained by using Granville's criterion is then used as the initial geometry 
input into the design program and the hybrid transition criterion is selected. This 
procedure greatly reduces computer time and also results in rapid convergence of the 
design variables. 
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Results obtained by the optimization procedure are discussed through an example. All 
the computations were done on a CRAY-2 computer. A body of revolution whose maximum 
diameter and length correspond to those of a tiptank of a representative business aircraft is 
considered. The tiptank has a fineness ratio of 8.00 and the design flight conditions 

considered for the present calculations are given by M=0.7 and unit Reynolds number (R') 

si.28 x 10®/foot. The axisymmetric body is modelled by a set of 27 body coordinates with 12 
points defining the forebody section and 15 points defining the aftbody section. Twelve 
design variables representing the ordinates in the forebody region are allowed to vary 
within the set of specified upper and lower bounds while simultaneously holding the tail 

section aft of the maximum thickness point unchanged during the design iterations. 

The final body shape obtained at the end of the optimization with Granville's criterion is 
used as input data to the design program with the hybrid transition criterion. In the 
present example, since the axisymmteric flow is subcritical zero TS wave angle is assumed 
in the design calculations. 

The original tiptank and the final body shape obtained using the hybrid transition 
criterion along with the results of stability analyses are shown in Fig. 2 for comparison. 

The envelope for the new body shape has a smaller gradient than on the original tiptank 
shape. On the original body, the critical disturbance characterized by a frequency of 3500 

Hz starts growing after 13% of the body length from the nose and reaches an n-factor of 9 

at x tr (e n ) = 0.33 (R tr (e n ) = 6.04 x 10®). A drag coefficient (Cp) of 0.0491 is predicted on the 

original tiptank with the boundary-layer transition fixed at x tr =0.33. The design program 

took 2785 secs, to predict the final design shape with the hybrid transition criterion. 

On the designed body shape the transition location corresponding to n-factor of 9 occurs 

at x tr (e n ) = 0.39 ( R tr (e n ) = 7.22 x 10®). Though the critical frequency leading to transition 

remains at 3500 Hz on the original tiptank and the designed body, boundary-layer 
transition as predicted by the en-method occurs much further downstream on the designed 
body. A drag coefficient (Cp) of 0.0415 is predicted on the designed body shape with the 

boundary-layer transition fixed at x tr =0.39 


Conclusions 

An optimization procedure has been developed to design axisymmetric body shapes with 
increased transition Reynolds number. The new design method involves a constraint 
minimization procedure coupled with analysis of the inviscid and viscous flow regions, and 
linear stability analysis of the compressible boundary-layer. Boundary-layer transition is 

predicted by a "hybrid" transition criterion based on Granville's transition criterion and a 

criterion based on linear stability theory combined with the e n -method. A tiptank of a 
business-jet is given as an example to demonstrate that the method can be used to design an 
axisymmetric body shape with increased transition Reynolds number. Boundary-layer 

transition is predicted to occur at a transition Reynolds number of 6.04 x 10® on the 

original tiptank. On the designed body shape a transition Reynolds number of 7.22 x 10® is 

predicted using the en-method, an increase of 20% in transition Reynolds number. 
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Fig. 1. Flow Chart of design procedure for NLF fuselage 



Fie. 2. Pressure distributions, predicted compressible T-S disturbance growth curves and 
transition* locations on the original tiptank and the final design shape (optimization by 
hybrid transition criterion) 
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Abstract , U 

An approximation for dynamic displacements, which captures the nonlinearities associated with 
resonance, is presented. This approximation is constructed using approximate intermediate response 
quantities. When dynamic displacements are constrained using this high quality approximation, frequency 
constraints are no longer needed to keep the design away from resonance. 


Introduction 

During the structural synthesis process designs that have natural frequencies near the forcing fre¬ 
quencies of the applied loads may be generated. This produces a resonance condition with large dynamic 
displacements that are very nonlinear functions of changes in the design variables. The usual approach to 
this problem is to place frequency constraints on the design to keep it away from the loading frequencies. 
Choosing the values of these frequency constraints is difficult because if they are too close to the loading 
frequencies, near resonance will occur and if they are too far away the design may be overly conservative. 
In this work an approximation for dynamic displacements is developed which captures the nonlinear effects 
of resonance. The approximations introduced here allow the designer to forego the use of difficult to select 

frequency constraints. An important feature of the approximations presented is that they can be used in 
the context of modal analysis for dynamic structural response. 


Approximation Concepts 

The use of the approximation concepts method is needed for efficient structural synthesis. In this 
method an explicit approximate optimization problem is formulated and solved at each design stage. In 
the nud 1970 s approximate representations for constraints and objective functions were generated using 
firet order Taylor senes expans ions in terms of direct or reciprocal sizing types design variables (see Refs, 
l and 2). More accurate approximations can be constructed using approximations of intermediate response 
quantities, which were introduced in Ref. 2. The intermediate response quantity idea has been applied to 
stress constraints (Ref. 3), frequency constraints (Ref. 4), and steady state harmonic displacement and force 
constraints as well as complex eigenvalues constraints (Ref. 5). In this approach simple approximations 
(e.g. linear reciprocal, hybrid; of intermediate response quantities (e.g. forces in the case of stress constraints 
and modal energies in the case of frequency constraints) in terms of design variables can be used while 
retaining the explicit nonlinear dependence of the constraints on the intermediate response quantities. 
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Mathematically: 

R,=f(X) (1) 

where the approximate intermediate response (R,) is a simple function of the design variables (X). The 
approximate value of the constrained response ( Rc ) * s then calculated as. 

R c = g(R„X) (2) 

In other words, given the design vector X, the approximate value(s) of the intermediate response (R t ) is 
calculated first using Eq. 1. Then the constrained response R c corresponding to and* is evaluated using 

Eq. 2. 


A pproximati ons for Dynamic Displacements 


The matrix equation of motion for an undamped structure is: 

[M] { u} + [K] {«} = {/>} 

Assuming a sinusoidal loading and response at frequency £2: 

{^} = {p}sinf2r 

{«} = {a} sin Or 

Equation (3) can be transformed into the frequency domain: 

(-n 2 [M] + [K]) { a) = {p } 


(3) 

(4) 

(5) 

( 6 ) 


In the usual approach to approximating the dynamic displacements, Eq. (6) is solved directly for {a } and 
the derivatives of the a { are found by implicitly differentiating Eq. (6): 


tr-{a} = [-G 2 M + *:] 

ax, 







The dynamic displacements are then approximated as direct, reciprocal, or hybrid (see Ref. 6) functions 
of the design variables so that 

u, * &i sin Ox = f(X) sin fir (8) 


The hybrid approximation uses either a direct or reciprocal expansion in each of the design variables, 
selecting term by term the alternative that is most conservative. It is commonly used for static and dynamic 
displacement constraints and it will be employed here to construct the full order solution for comparison 

purposes. 

The approximation shown in Eq. (8) has two drawbacks. The first is that it is based on the direct 
solution of Eqs. (6) and (7) which is very expensive for large problems. The second drawback is that it is 
a poor approximation for the response whenever the loading frequency (fit) is near a natural frequency of 
the structure, because of the strong nonlinear effects of resonance. 


In order to determine the dynamic response of large structures, modal analysis is often used to reduce 
the order of Eq. (6). In modal analysis the response of the structure is approximated as a linear sum of an. 

orthogonal set of basis vector that is 

{«}=£{4>„R = [*){*} (9) 

* ■ 1 


where the z„ are called the modal participation coefficients. The first N natural vibration modes of the 
structure (eigenvectors) are usually chosen as the basis vectors {<J>„} and that is the approach used in this 
work. Substituting Eq. (9) into Eq. (6) and pre-multiplying by [Of gives 


[Of(-tf[M]+ [*])[<>] {*} = </} 

(10) 

where 


{/} = [<*>? {p} 

(11) 

Defining the modal potential energy matrix 


[U] = m T [K] [d>] 

(12) 

and the matrix 


[T] = [Of [M] [O] 

(13) 

makes it possible to rewrite Eq. (10) in the following form 


(-D 2 [T] + [C/]) {z} = {/} 

(14) 


Note that the order of Eq. (14) is N which is much smaller than the order of the full system. The value of 
N is chosen to be the number of modes needed to accurately represent the structural response. 

When the basis vectors {<)>„} are the natural mode shapes of structure they are orthogonal to both 

[AT] and [A/] so that [U] and [ T] are diagonal matrices. Equation (14) is then decoupled and the individual 
z* are calculated using the following expression 


z f ' 

z " u„ - Or. 


(15) 


The approximation introduced in this work is constructed as follows. Evaluate the derivatives of 
U„ and T„ with respect to the design variables (X) assuming the eigenvectors are invariant, so that: 




(16a) 


( 166 ) 


Approximate U„ and 7jas linear functions of the design variables (see Refs. 4 and 5): 



NDV a JJ 


(17a) 



NDvar 

=r. + I — 


J-l 


dXj 


(17 6) 


where NDV is the number of design variables. Calculate the approximate modal participation coefficients 
as 


z 


* 




and finally the approximate amplitudes of displacement as 

{J} = [<&]{£} < 19 > 

The error associated with this approximation is small and comes from two assumptions. The first 
is that the displacements can be represented by a truncated set of modes (AO* This is the error associated 
with the analysis and it can be controlled by choosing a satisfactory value for N. The other assumption is 
that the mode shapes are invariant with changes in the design variables. This error can be controlled by 
putting move limits (M.L.) on the design variables at each design stage. In the example section of this 
paper it is shown that 60% move limits are not unreasonable. 

The reason for the accuracy of the approximation near resonance is now examined. If the numerator 
and denominator of the right hand side of Eq. (18) are divided by T A the result is 



Note that f/./f. is the Rayleigh Quotient Approximation (see Ref. 4) for the structural eigenvalue $.„) 
corresponding to n* natural mode. Therefore, Eq. (20) can be rewritten as 




Note that as the structural eigenvalue for mode n (k H ) approaches the loading frequency (£2), the modal 
participation coefficient for the n* mode (£„) becomes very large, which is exactly what happens at reso¬ 
nance. The full order approximation in Eq. (8) cannot capture this effect. 

It should be recognized that an approximation based on the direct solution of Eq. (6) which does 
capture the effect of resonance was presented in Ref. 7. However, this approximation cannot be employed 
when modal analysis is used to solve for the dynamic response of the structure. 


Examples 

The example used in this paper will be the mass minimization of the antenna structure shown in Fig. 
1. The structure is modeled with 10 beam type finite elements has 24 degrees of freedoms, and five modes 
are used for the modal analysis. The elements are linked to produce a symmetric structure with five design 

elements (see Fig. 1). Each design element cross section (see Fig. 2) has 2 design variables (t k and t k ) for 
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a total of 10 design variables. The response of node 7 in the y-direction due to a 500 N load applied in the 
y-dirccnon a. node 9 with various forcing frequences is shown by the solid line in Fig. 3. The off cen«r 

f^urncv'of‘o ^Hz^K ‘ 0rSi ^ ? th ! N0 “ “* rcSp0n “ P"* 5 near flret na “ ral 

i^uency of 0.43 Hz (first bending mode) and the second natural frequency of 1.04 Hz (first torsional 

. I " the 1 firs , t example problem the structure is loaded at 0.7 Hz, which is away from the resonance 

peaks " Tne dlspIaccment amplitudes of nodes 5 and 7 in the y-direction are constrained to be less than 1 
cm. There are no other constraints on the structure. The design histories and error in the displacement 
p ltude approximations are shown m Table 1 for both the modal and direct approximations for 30% and 
60% design variable move limits. The design histories are plotted in Fig. 4. Note that with 30% move 
limm both approximations perform reasonably well with 60% move limits the modal approximation gives 

Mcuratf^ dC tfS COnv< * gencc - Also . no if that the modal approximation is more accurate and is still 
accurate when 60% move limits are used. The response of the final design at various loading frequencies 

is shown by the solid line in Fig. 3. In the final design the constraint on node 5 is active. The final design 
is presented in Table 2. 6 


The second example problem is the same as the first except the loading frequency is now 0 5 Hz 
which is near resonance, and displacement amplitudes of nodes 5 and 7 in the y-direction are constrained 
to be less than 10 cm. The design histories and error in the approximations are shown in Table 3. The 
esign histones are plotted in Fig. 5. Note that with 30% move limits the modal approximation converges 
rap!dly while the direct approximation overshoots the optimum and oscillates with designs that have about 
7% infeasibility with respect to the displacement amplitude constraints. Even when 60% nr e limits are 
used, the modal approximation is quite accurate and a near final design is achieved after only 4 iterations 
At the final design the constraint on node 5 is active. The final design is shown in Table 2. 


Conclusions and Re commendations 

The modal approximation for dynamic displacement response is quite accurate even when the design 
is near resonance and large move limits are used. ° 

The approximation presented in this work can be extended to damped response problems when modal 
analysis is used. In these problems the quantities u h a„ r„, {$„}. U„ and T m are all complex but the devel- 

approximation is <* uitc Transient response of damped structures can also be 

approximated m the manner presented in this work. 

Finally, the problem of disjoint design spaces that occurs when constraints are placed on dynamic 

° b ? erVCd m Ref ‘ ? 311(1 explained in Ref - 9, can be attacked using this kind of approximation. 
By temporarily setting a particular modes participation coefficient equal to zero the design will be able to 

traTobL 0 optim e um SOnanCe *** aSS0CiatCd ^ ^ ^ ^ may hdp 1116 design process conver S e 
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Table 1 

Design Histories for Example 1 


Table 2 
Final Designs 


Design 

Mass (kg) [% Error in Approximation] 

Stage 

Modal 

Full Order 

Modal 

Full Order 


(Intermediate 

(Hybrid) 

(Intermediate 

(Hybrid) 


Response) 

30% M.L. 

Response) 

60% M.L. 


30% M.L. 


60% M.L. 


0 

4982 

4982 

4982 

4982 

1 

5991 [0.0] 

5991 [0.6] 

5881 [0.2] 

5708 [4.5] 

2 

5903 [0.3] 

5792 [2.8] 

5321 [0.3] 

5560 [2.0] 

3 

5562 [0.3] 

5618 [2.2] 

5299 [0.0] 

5417 [0.1] 

4 

5436 [0.1] 

5497 [0.6] 

5296 [0.0] 

5351 [0.2] 

5 

5368 [0.1] 

5424 [0.6] 

5289 [0.1] 

5324 [0.1] 

6 

5340 [0.1] 

5360 [0.2] 


5308 [0.1] 

7 

5313 [0.0] 

5329 [0.2] 


5301 [0.0] 

8 

5302 [0.0] 

5308 [0.0] 


5299 [0.0] 

9 

5299 [0.1] 

5302 [0.0] 



10 

5296 [0.2] 

5299 [0.0] 




1 Design 

| Element 

Design 

Variable 

Example 1 

Example 2 

I 1 

t h 

10.00* 

0.52 


h 

10.00* 

0.77 

2 

r* 

10.00* 

0J0 b 


h 

10.00* 

0.50 b 

3 


1.46 

0.50 b 


h 

0.50 b 

0.50 b 

4 

h 

10.00* 

2.59 


h 

10.00* 

2.68 

1 5 

h 

3.59 

0J0 b 

l 

_— 

3.92 

0-50 b 1 


* At upper bound 
b At lower bound 
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Table 3 


Design Histories for Example 2 


Design 

Mass (kg) [% Error in Approximation] 

Stage 

Modal 

Full Order 

Modal 


(Intermediate 

(Hybrid) 

(Intermediate 


Response) 

30% M.L. 

30% M.L. 

Response) 
60% M.L. 

0 

4982 

4982 

4982 

1 

3749 [0.0] 

3749 [3.4] 

2508 [0.4] 

2 

2898 [0.3] 

2995 [17.4] 

1368 [0.6] 

3 

2245 [0.2] 

2344 [15.3] 

1180 [0.3] 

4 

1748 [0.2] 

1835 [12.0] 

1175 [0.0] 

5 

1401 [0.3] 

1472 [2.1] 

1171 [0.1] 

6 

1219 [0.2] 

1264 [2.6] 

1170 [0.0] 

7 

1129 [0.1] 

1181 [1.6] 

1169 [0.0] 

8 

1169 [0.4] 

1163 [3.0] 

9 

1168 [0.0] 

1155 [5.6] 


10 

11 

12 

13 

14 

15 

16 

17 

18 

1165 [0.1] 

1137 [6.4] 

1146 [5.6] 

1137 [6.0] 

1140 [7.3] 

1125 [7.7] 

1140 [6.9] 

1127 [7.6] 

1138 [7.9] 

1123 [8.3] 




1000 cm 



cm 



Figure 1. Antenna Structure 
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Figure 2. Beam Element Cross Section 
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Figure 4. Mass Iteration Histories for Example 1 



Figure 5. Mass Iteration Histories for Example 2 
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INTRODUCTION 

Effective methods of approximate eigensolution reanalysis of modified nondassically 
damped structures are developed in this paper. For structures with passive or active 
discrete damping devices or with damping treatment, the system becomes non- 
proportionally damped and the computation of its dynamic responses may require the use 
of complex modes. For larger systems, the computation of complex modes is very 

expensive. Thus it is desirable to have approximate reanalysis techniques for the efficient 
evaluation of the effect of design changes. 


In recent years, the assumed mode reanalysis method has been successfully applied to 
minimum weight design of undamped structures with natural frequency constraints [lj. 
The accuracy of the assumed mode reanalysis method can be improved dramatically if the 
global approximation function includes the normal modes of the original system and their 
derivatives [2]. This approach has been demonstrated to be effective even for a system 
with shape changes. In this paper, the approach used by Noor et al. [2] for eigensolution 

reanalysis of undamped structures will be extended to treat a nondassically damped 
system. 


EIGENVALUE PROBLEM FOR DAMPED STRUCTURES 

Consider a linear structure with general viscous damping. The equations for free 
vibration of the discrete system are 

Mq + Cq + Kq = 0 (1) 

where M, C, and K are mass, damping and stiffness matrices respectively, and q is the 
displacement vector. Assuming these matrices are symmetric, the system of second order 
ordinary differential equations can be expressed as: 


Bjx - Aix = 0 


where 



and 


( 2 ) 

(3) 
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( 4 ) 




The eigenvalue problem corresponding to Eq. (2) is 

XiBiUi=AiUi (6) 

or 

Auj = XjUj (7) 

where 

A = Bi 1 Ai (8) 

provided Bi 1 exists. 

Assuming all the eigenvalues of Eq. (6) or (7) are distinct, then, it can be shown that 
the eigenvalues satisfy the following orthogonality conditions: 

✓ 

uj r Aiu i = i^ r B 1 u i =0 
for i * j. 

It should be noted that Eq. (9) is true since Aj and Bj are symmetric matrices. 

When the system is being modified, its mass, stiffness and damping matrices are 
changed by AM, AK and AC respectively. The new eigenvalue problem is given by 


* * * * e 

Xi Bj Uj = A} Uj 

where 

/ 

Aj = A} + AAi 


( 10 ) 

( 11 ) 


t 

Bj = B] + AB| 


and 



-AK 

-AC. 



-AK 0 
. 0 AM. 



(13) 

(14) 


For an n-degree of freedom system, the eigenvalue problems of Eqs. (6) and (10) are of 
order 2n. For underdamped structures, the eigensolution includes n pairs of complex 
conjugate eigenvalues with n pairs of eigenvectors that are complex conjugate to each 
other. Assuming L pairs of eigensolutions are computed for the nominal structure (i.e. Eq. 
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(6)), the reanalysis problem is to use this information to solve the eigenproblem of the 
modified system (Eq. (10)). 


EFFICIENT EIGENSOLUTTON REANALYSIS METHODS 

For undamped structures, efficient reanalysis has been studied quite extensively by 
many researchers [1-4]. For local modification, a receptance-based reanalysis method for a 
general damped system has been developed [4]. In this paper, several reanalysis 
approaches based on the classical Bubnov-Galerkin approach will be presented. 

Substituting Eqs. (11) and (12) into (10) the following equation is obtained after we 
split the operator: 

(V Bj - Ai) u/ = -Xj'ABi Uj' + AA u; / 

Let 

= Xj + AXj 

Equation (15) can be written as 

Xj (Bj - Aj) u[ = fj 

where 

fi = - Xj AB} Uj + AAj Uj - AX, Bj Uj 

It should be noted that Eq. (17) is the exact eigenvalue problem of the modified system 
written in a different form. For approximate solution, let us substitute AXj = AX^, 

Xj = Xi = Xj + AXi, Uj = Uj into f. to yield 


(15) 

(16) 

(17) 

(18) 


(Xj Bj - Aj) Uj - fj 



where 

fj = - Xj ABj Uj + AAj Uj - AXj B t Uj 
It should be noted that AXj can be estimated from 



AXj = uT (AAj - Xj ABj) Uj 



and the eigenvectors are normalized so that 


Uj T B : Uj = 1 



The general solution of Eq. (19) is then 
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( 23 ) 


Uj = Uj + Auj 

where Auj is the particular solution of the system of equations (19). It should be noted Auj 
can be interpreted as a derivative of the eigenvector and can be solved by several 

techniques, such as Nelson's method [5]. 

/ 

Equation (23) is the explicit approximate reanalysis for the ith eigenvector. Once u. is 
available, the corresponding eigenvalue can be computed from 


, u' T Aj'ui' 
Xj =—-- 

Ui' T B/ui 


Another approach of solving the reanalysis problem is to assume 
uj * T T|i 

The modified eigenvalue problem then becomes 


/ * 


fci B! Tli = Ai Tli 


(24) 


(25) 


(26) 


where 


Bi =T T Bn T 


(27) 


An =T An T 


(28) 


The accuracy of the above approach depends on the choice of basis vectors in the transfor¬ 
mation matrix T. The simplest choice of T would be a set of truncated eigenvectors, that is 

T = [Ul U2 — ul] 

In view of Eq. (23), one may incorporate Au* and form T as 

T = [ui ••• u m , Aui ••• AulI ^) 

Since the computation of Au* by Nelson's method is quite involved, the following scheme 
may be used to find an approximate uj for Auj. Let us add ctXiBiUi to both sides of Eq. (17) 
and then evaluate the right side as before to get the following equations for Aui 


((1 + a)X i B 1 -A 1 )Au i = f i -aX i B 1 u i 


(31) 


where a is a small positive number. In the numerical example, a value of 0.01 is used for 
a. Note that Aui is an approximation to the eigenvector derivative. For numerical 

stability, the contribution of lower modes to Auj should be filtered out. The resulting 
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vector Auj can be considered as a "residual mode" of the system. The transformation 
matrix T can then be constructed as 



...ul, Au}...Au 




In summary, the following eigensolution reanalysis methods are available. 

I. Explicit Method 

f r 

Use Eq. (23) to compute approximate u t and then use Eq. (24) to compute ^. 

II. Implicit Methods 

* 

The implicit methods involve the solution of Eq. (26) for \ and and then use Eq. 

(25) to compute u[. Three variations are available. 

(1) Assumed mode: Use Eq. (29) for the transformation matrix. This method is 
designated as Ai in Table 3, where i is the number of pairs of modes used. 

(2) Improved assumed method using Eigenvector Derivatives: Use Eq. (30) for the 
transformation matrix. This method is designated as Ali in Table 3, where i is 
the number of pairs of modes used. 

(3) Improved assumed mode method using Approximate Eigenvector Derivatives: 
Use Eq. (32) as the transformation matrix. This method is designated as AAi in 
Table 3, where i is the number of pairs of modes used. 

The above methods are applied to a numerical example in the next section. 


NUMERICAL EXAMPLE 

The ten degree of freedom mass-spring-damper system shown in Figure 1 is used to 
test the reanalysis methods proposed in this paper. Five cases are studied. They are 
defined in Table 2. These cases range from uniform change in stiffness and damping 
properties (Case A) to more severe modifications that include the removal of one of the 
support springs (Case D) and the removal of all dampers (Cases E). 

The first two eigenvalues of the modified systems are summarized in Table 3. These 
include the exact solution and reanalysis results by several methods. 

For Case A and C, all reanalysis methods perform well. For cases B and E, the 
assumed mode method requires the use of two pairs of modes to yield reasonable 
estimates of the fundamental eigenvalue. For case D, which involves the removal of 
spring No. 11 in the model, the assumed mode method performs poorly, even with four 
pairs of modes. On the other hand, the improved methods yield good results for all test 
cases when using one pair of modes plus the associated residual modes. 
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CONCLUDING REMARKS 
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Figure 1. Ten Degree of Freedom Mass-Spring-Damper System 
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Table 1. Data for Numerical Example 



1 

1 

1000 

5 

2 

2 

2000 

10 

3 

3 

3000 

10 

4 

4 

4000 

15 

5 

5 

5000 

15 

6 

2 

6000 

10 

7 

3 

7000 

5 

8 

4 

10000 

20 

9 

2 

30000 

25 

10 

5 

20000 

25 

11 

- 

30000 

0 


Table 2. Definition of Cases 


Case 


B 


D 


Mass 

None 


None 


Am3 = 52 
Amp = 208 

None 

None 


M odificatio ns 

Stiffness 

Akj = 0.25 kj 

Aki = 5000 
Ak6 = 10000 


None 


Ak n = - 30000 

Aki=5000 
Ak 6 =10000 


Damping 
Aci = -0.3 Cj 
Ac 2 = 10 


None 


Aq = -0.3 Cj 

Acj = - Cj 
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Table 3. Summary of Results for Ten Degree of Freedom Example 
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I. Abstract 


The cost of implementing new technology in aerospace propulsion systems is becominq 
prohibitively expensive. One of the major contributors to the high cost is the need 
to perform many large scale system tests. Extensive testing is used to capture the 
complex interactions among the multiple disciplines and the multiple components 
inherent in complex systems. The objective of the Numerical Propulsion System 
Simulation (NPSS) is to provide insight into these complex interactions throuqh 
computational simulations. This will allow for comprehensive evaluation of new 
concepts early in the design phase before a commitment to hardware is made. It will 
also allow for rapid assessment of field-related problems, particularly in cases where 
operational problems were encountered during conditions that would be difficult to 
simulate experimentally. The tremendous progress taking place in computational 
engineering and the rapid increase in computing power expected through parallel 
processing make this concept feasible within the near future. However it is critical 
that the framework for such simulations be put in place now to serve as a focal point 
for the continued developments in computational engineering and computinq hardware and 
software. The NPSS concept which is described below will provide that framework. 

II. Introduction 


The traditional design and analysis procedures applied to complex systems decomposes 
the system into isolated disciplines and components to reduce their complexity 
Consequently, the interactions between disciplines and components is limited by the 
amount of interaction between individuals or teams working the problem. When severe 
demands are placed on the size, weight, and performance of the system, then the designs 
by nature become highly integrated with tight coupling between disciplines and 
components. The tight coupling can result in unforseen interactions which would 
produce unsatisfactory system performance. If the coupling is not resolved until the 
system has been built and tested, then the system must undergo redesign and retestinq 
Typically several iterations of the design-build-test cycle are required before desired 
performance is achieved. This is an extremely costly and time consuming process. As 
a result, the introduction of advanced technology takes many years as these systems 
slowly evo ve. Pressure exists to reduce the time and cost associated with introducinq 
new technology. This can be achieved through optimizing existing design practices and 
through introducing a higher level of concurrent engineering into the design process. 


NPSS is a top-down systems approach which would provide designers with a tool to 
incorporate the relevant factors which affect system performance early in the desiqn 
and analysis process when changes or modifications can be made relatively 
inexpensively. In terms of a propulsion system, such as an air-breathing gas turbine 
engine, this means coupling of disciplines and components computationally to determine 
system attributes such as performance, reliability, stability and life. Since these 
system attributes have traditionally been obtained In the test cell, NPSS is referred 

HierfniiLc^? 61 " 1031 ♦***. ce U" \ 5 C0 "?P 1ete s y stem analysis which includes multiple 
ni!tfSll n 1 S Ji S ^i Comf>uta ^ °i na Intensive task requiring a high performance computing 
platform including massively parallel processors and a user Interface consisting of 
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expert systems, data base management systems and visualization tools. These essential 
elements of NPSS are depicted in Figure 1. The integrated, interdisciplinary system 
analysis requires advancements in the following technologies: 1. interdisciplinary 
analysis to couple the relevant disciplines such as aerodynamics, structures, heat 
transfer, chemistry, materials, controls; 2. integrated system analysis to couple 
subsystems, components and subcomponents at an appropriate level of detail; 3. a high 
performance computing platform composed of a variety of architectures, including 
massively parallel processors, to provide the required computing speed and memory; and 
4. a simulation environment that provides a user-friendly interface between the analyst 
and the multitude of complex codes and computing systems that will be required to 
perform the simulations. 

The implementation and integration of these technologies is a major challenge. The 
simulation environment and integration capabilities are depicted in Figure 2. The NPSS 
system simulation is represented by the horizontal bar to signify that NPSS integrate 
into a system simulation the advancements that will continue to take place in the 
single discipline, component and computing fields. In this way, NPSS will provide a 
focus for research and development in the disciplines, components and computing fields. 
An additional challenge in NPSS will be the formation of interdisciplinary teams across 
NASA, industry, universities and other government agencies to develop and implement 
the needed technologies. 

This paper describes the approach being developed at the NASA Lewis Research Center 
to address the issues of high-fidelity propulsion system computational simulations. 
The focus is on system simulation, interdisciplinary analysis, simulation environments, 
and parallel computing. 


III. Approach 


A. System Simulation 

The computational system simulations will be based on the view that only phenomenon 
that affects system attributes, such as life, reliability, performance and stability 
of a propulsion system, is of interest to the designer or analyst. In addition, 
detailed analyses of an entire propulsion system will be so complex that even computers 
of teraFLOPS speed will not be sufficient to perform cost effective computations. 
Consequently, a framework is being developed that will allow the physical processes 
resolved from a detailed analysis of a component or subcomponent to be communicated 
to a system analysis performed at a lower level of detail for purposes of evaluating 
system attributes. Conversely, the system analysis will provide the ability to 
evaluate which physical processes occurring on the component and subcomponent level 
are important to system performance. This will allow the engineer or scientist to 
focus or "zoom in" on the relevant processes within components or subcomponents. The 
zooming concept is depicted in Figure 3. In this particular example, a detailed 
analysis of the fan would be performed to study, for example, the effect of a new blade 
design on system performance. The inlet and compressor would be modeled a slightly 
lower levels of fidelity to resolve phenomenon such a inlet distortion or upstream 
influences of the compressor blading. The combustor, turbine and nozzle would be 
modeled at less detail, perhaps to determine shaft horsepower and thrust. 

The implementation of the zooming approach requires a hierarchy of codes and models 
to be in place to provide a wide range of capabilities from detailed three- 
dimensional, transient analysis of components to time- and space- filtered analysis 
of the subsystems and systems. Modeling approaches will be developed for communicating 
information from a detailed analysis to a filtered analysis. This will require 
additional research in understanding the mechanisms by which phenomenon on different 
length and time scales communicate. Research already underway in computational fluid 
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dynamics and structural mechanics to develop this modeling approach will be extended 
to consider processes and scales appropriate for the entire propulsion system. 

The fluid dynamic simulation model that will serve as the basis for the integrated 
system model will be the Adamczyk [1] average-passage formulation which has been’ 
developed for multistage turbomachinery analysis. The average-passage is based on the 
filtered forms of the Naiver-Stokes and energy equations. This model was designed to 
resolve only the temporal and spatial scales that have a direct impact on the relevant 
physical processes. The effects of the unresolved scales, which appear as body forces 
and energy sources in the equations, are determined through semi-empirical relations 
which are based on results from physical experiments or high-resolution numerical 
simulations. The results from the lower resolution analysis appear as boundary 
conditions for the high-resolution simulations. This model is currently applicable 
to time- and space- averaging of phenomenon on the scale of the blade passing frequency 
and passage size. Further development is required to extend the model for filtering 
in the presence of multiple scales and for other system components. 

The structures modeling will be aimed at developing a comparable computational 
capability that will provide a means to traverse multiple scales of spatial resolution 
with a minimum number of variables at each level. In this way, an analysis can proceed 
from a blade to a rotor to an engine core to the complete engine. The resulting system 
will have a minimum number of degrees of freedom consistent within the objectives of 
the analysis and will minimize the computational requirements. The methodology will 
be applicable to the solution of linear and incremental nonlinear analysis problems. 
This capability will be achieved through the formulation and implementation of a 
progressive substructuring technique [2]. 

B. Interdisciplinary Analysis 

Aerospace propulsion systems are complex assemblies of dynamically interacting 
disciplines. The traditional approach is to handle the interactions by single 
disciplines in a sequential manner where one discipline uses information from the 
preceding calculation of another discipline. This is a lengthy, tedious, and often 
times, inaccurate approach. The alternative to this approach is using 
multidisciplinary coupling on a more fundamental level. A hierarchical approach will 
be employed that will reduce the dimensionality of the system while still retaining 
the essential system behavior. A variety of techniques will be evaluated for coupling 
discipline variables for selected propulsion system subcomponents, components and 
subsystems. These include the traditional sequential iteration, specially-derived 
matrices, and coupling at the fundamental equation level. All three methods will be 
applied to the filtered Naiver-Stokes and progressively substructured formulations with 
space and time scales that are consistent with the physics of the phenomenon being 
simulated. This approach differs from the classical analytical approach which 
minimizes the number of variables retained in the governing equations by using formal 
applied mathematical techniques. The proposed approach retains all of the primitive 
variables in the primitive equations. Sensitivity relations will be used to scope 
the degree of coupling and to decide on a solution strategy. Requisite technology base 
required for the development and definition of sensitivity relations includes: advanced 
methods of matrix operations for integration, differentiation, inversion and eigen 
value extraction, adaptive matrix partitioning, transfer matrices, and symbolic 
operators. 

An essential element of complex system analysis is optimization. Optimization of 
complex systems involving multiple disciplines and components require streamlined 
algorithms for rapid solutions. Five different types of optimization algorithms will 
be developed: 1) hierarchical, 2) multi-scale, 3) multi-region, 4) multi-objective, 
and 5) adaptive. The hierarchical algorithms will provide the capability to select 
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dominant variables/disciplines/components during the optimization process. These 
variables/disciplines/components will continually change as the optimization 
progresses. The multiscale algorithms will provide the formalism for opitimizing at 
different scales as the optimization progresses. These algorithms will allow local 
optimization simultaneously with global but at different rates and with different 
accuracy. The multi-region algorithm will be similar to that for multi-scale but 
structured for regions and components. That is, different regions/components can be 
optimized at different rates while the rates can change as the system optimum becomes 
more sensitive to critical regions/components. The multi-objective algorithm will 
handle the simultaneous optimization of multidisciplinary, multicomponent problems. 
Formalisms will be included for coupled objectives and/or weighted objectives as well 
as discriminatory selection for a critical discipline/component. The adaptive 
algorithms will have the logic to progressively monitor dominant conditions and to 
provide the hierarchical algorithm with information for selecting the appropriate 
variables/disciplines/components during the optimization process. The technology base 
to support development of these optimization algorithms include mathematical 
optimization techniques: linear, nonlinear, continuous, discrete, constrained, 
unconstrained,substructuring, variable linking as well as a variety of direct nonlinear 
mathematical and optimality criteria search methods that have evolved over the years 
[ 2 ]. 

C. Simulation Environment 

The capability for users to simulate propulsion systems which include complex 
analyses on high performance, massively parallel computers will require extensive 
development of a user interface with a parallel/distributed computer implementation. 
The user interface will shield the user from the details of the system while providing 
sufficient guidance and assistance to perform the simulation at hand. The vision is 
that of totally "seamless" environment. The environment consists of the integration 
of physical sciences, computer sciences, computer systems software and computer systems 
hardware under the control of a global simulation executive. The computational 
simulation of multidiscipline, multicomponent problems consists of a large number of 
variables that require simultaneous solutions of multiscale, multiregion problems in 
local/global database environments. These types of problems can only be effectively 
solved in (massively) parallel processor computers and networks where distributed 
parallel programming concepts can be readily implemented. Logic and software will be 
developed to adaptively allocate solution strategies and processors for a single 
discipline and for interdisciplinary analysis of both the local and global levels. 
Construction of simulations is aided by a visual simulation editor coupled to an expert 
system "trained" in the use of the simulation codes. Artificial intelligence 
approaches, including expert systems and neural nets, will be investigated for 
assisting the user in making appropriate decisions in constructing a simulation. 
Advanced computer graphics, visualization and animation complete this environment. 

An important feature of the simulation environment is that it provides modularity 
and flexibility. Modularity is important to facilitate the coupling of disciplines 
and components at various levels of detail and to facilitate insertion of new or 
proprietary codes. Flexibility is essential to efficiently expand the simulator with 
increasing software and hardware capabilities. This will be accomplished through the 
application of object oriented programming techniques. Consequently, a series of 
objects appropriate for and completely describing propulsion systems will be defined 
as will the inter-relationships between these objects. From this, a series of 
standardized interfaces will be developed consisting of both object data extraction 
and manipulation routines. 
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D. Parallel Computing 


It is expected that advances in parallel computing will make the integrated,* 
interdisciplinary analysis of complex systems practical in design and analysis 
environments. At the same time, it is expected that approaches to problem formulation 
and algorithm design will have to change to be able to exploit the new parallel 
architectures. Therefore, NPSS will establish a testbed environment so application 
and computer scientists can work closely together with state-of-the-art hardware and 
software tools to develop algorithms and to identify the appropriate computing 
architectures for the propulsion system applications. 

The long-range goal of NPSS is to implement the shared memory model, in either 
hardware or software, on massively parallel platforms. In the shared memory model, 
the programmer sees a uniform programming platform even though the hardware platform 
may consist of a variety of architectures such as cubes, rings, etc. This not only 
simplifies the requirements for developing new code, but provides the easiest, most 
flexible platform for the conversion of serial FORTRAN code which proliferates the 
computational engineering community today. Much of this code is now and will continue 
to be useful in NPSS applications. While the shared memory model is a long range 
objective, other technologies will need to be evaluated in the near term. 

The near-term goal for the testbed development is to acquire a relatively small 
parallel processor system of approximately 5 gigaFLOPS peak performance and 20 
gigabytes of disk storage. The initial testbed, planned for 1992, will provide a 
dedicated platform to begin the parallelization of single discipline codes; develop 
coupling algorithms and interfaces, and to develop the zooming concept. These 
activities will culminate in the demonstration of a simulation of the High Speed Civil 
Transport propulsion system. The testbed is expected to be upgraded in 1994 to 15 
gigaFLOPS peak performance with 30 gigabytes of disk storage. The upgraded testbed 
will be utilized to perform a high-fidelity demonstration of the High Speed Civil 
Transport with zooming capability on multiple components. 

Parallel processing activities currently at the Lewis Research Center involve 
investigating architecture and algorithm compatibility issues on the Center's 
Hypercluster Testbed, porting of structural mechanics and fluid dynamics codes to 
shared memory machines such as the Alliant-FX/80 and the Cray YMP-8/464 and configuring 
transputer systems for use with structural dynamics codes. The Lewis Research Center 
is also supporting the development of a 2-dimensional grid parallel computing 
architecture at Mississippi State University. Activities are underway for the purchase 
of two Intel iPSC/860 8 processor machines in 1990. Additional hardware will be 
identified and procured in 1991 through the newly formed Advanced Computing Concepts 
Laboratory within the Computer Services Division at Lewis. 


IV. Summary 

The Numerical Propulsion System Simulation is a long range program with the ultimate 
goal of developing the capability of reducing the cost and time of developing advanced 
technology propulsion systems. This will be achieved through a cooperative effort of 
NASA, industry, universities and other Government agencies to develop the necessary 
technologies to integrate disciplines, components, and high performance computing into 
a user-friendly simulation environment. The technologies associated with the physical 
sciences must include model development that reflects an understanding of the relevant 
physical processes rather than brute-force computational analysis. The computational 
algorithms must be developed in concert with the computing architectures to ensure 
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efficient performance, particularly with highly and massively parallel processors. In 
addition, a strong and effective management team is required to form the 
interdisciplinary teams from all organizations that will be required to define, 
advocate, and implement these technologies. 
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Figure 1. The Numerical Propulsion System Simulation is the concept of a 

"numerical test cell". 
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NUMERICAL PROPULSION SYSTEM 
SIMULATION INTEGRATION 
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SYSTEM SIMULATION CAPABILITY 


Figure 2. System simulation through NPSS will involve integration of 

disciplines, components and computing hardware and software. 


NUMERICAL PROPULSION SYSTEM SIMULATION 

"ZOOMING IN" ON FAN EFFECTS 



Figure 3. Cost-effective computations of complex propulsion systems will 

require the ability to vary the detail of analysis or "zoom". 
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AIRCRAFT STRUCTURES 
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1.0 ABSTRACT 

The objective of this paper is to present results from investigating the 
integrated use of five computer programs: ANALYZE, ASTROS, NASTRAN, OPTSTAT and 
VAASEL for analysis and optimization of a given structure. The structure 

designated for study purposes was the F-15E vertical tail. The concept of 
integrated use is limited to the capability of using a NASTRAN structural model 
to run each of the other specified programs. This was actually accomplished in 
practice by converting a NASTRAN model of the designated structure into an 
appropriate analysis model. For optimization purposes,the torque-box of the 
F-15E vertical tail was used. 

2.0 DESCRIPTION OF FINITE ELEMENT PROGRAMS 

2.1 NASTRAN 

Although NASTRAN (NASa STRuctural ANalysis) is not a multidisciplinary 
analysis program, it is the largest general-purpose finite element structural 
system in use today and provides effective solutions for a wide variety of 
applications. In this paper, NASTRAN was used to obtain nodal deflections and 
element stresses for specified static loads and to compute natural frequencies 
and corresponding mode shapes of the F-15E vertical tail. 

2.2 ASTROS 

ASTROS (Automated STRuctural Optimization System) is a finite element code 
written primarily for preliminary design of aerospace structures. The basic 
objective for developing ASTROS was "to provide a state-of-the-art design tool 
that integrates existing methodologies into a unified multidisciplinary package" 
(Ref.l). For example, it adapts NASTRAN input format for structural analysis. 
Many potential analysis capabilities are available in ASTROS. Those selected 
for this investigation include: (1) Static and modal analysis of the F-15E 
vertical tail using the NASTRAN finite element model, and (2) User-selected 
optimization of boron/epoxy skin elements for one surface of the tail model. 

2.3 ANALYZE 

ANALYZE was developed to analyze aerospace structures using only membrane 
elements (Ref.2). Thus, only translational degrees-of-freedom are allowed. 

Since rotational motions are not permitted, element representations of the 
structure are expected to be stiffer. Elements used in this code include 
axial-force bar elements, triangular and quadrilateral constant strain elements, 
and a shear-panel element to reduce the possibility of overestimating stiffness 
resulting from the use of only membrane elements for webs. The User’s Manual 
(Ref.2) documents a comprehensive theoretical background for the program, and 
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provides necessary information for both preparation of input data and interpre¬ 
tation of results. 

2.4 OPTSTAT 

This computer code was written by the same authors who wrote ANALYZE (Ref.2). 
It was developed primarily for in-house research to optimize structural designs 
subjected to static loads. As OPSTAT uses the same types of element as ANALYZE, 
rotational degrees-of-freedom are not allowed. Reference 3 provides the theore¬ 
tical background underlying the program. OPTSTAT optimizes structures by 
resizing every element in the structural model using allowable stresses as 
design constraints; thus, it does not permit user-selected optimization. 

2.5 VAASEL 

VAASEL (Vulnerability Analysisof Aerospace Structures Exposed to Lasers), as 
the name suggests, has been designed primarily for laser vulnerability analysis 
of structures and has multidisciplinary analysis capability (Ref. 4). This code 
was designed to maintain maximum compatibility with both NASTRAN and ASTROS, and 
utilizes the same framework as ASTROS. This means that a given problem input 
data deck should run on each program with identical output results expected. 


3.0 MODEL FOR ANALYSIS 

The NASTRAN structural model shown in Figure 1 consists of 39 BAR elements, 
1,529 ROD elements, and 1,160 SHEAR elements, with 673 nodes. 

The vertical tail is made of three materials; boron/epoxy for skins,aluminum 
for the honeycomb core,and titanium for the fore and aft spars and the root rib. 
A structural model was first constructed and converted into a NASTRAN model, and 
verified with the McAir model (Ref.5) by comparing its geometry,material proper¬ 
ties, and deflections at points of interest under the given loading conditions. 
This NASTRAN model has served as a basis for developing models for other comp¬ 
uter programs. After verification of the model, the torque-box section of the 
F-15E vertical tail was isolated and used for analysis and optimization instead 
of working on the full model. Integrated use of other computer programs was 

achieved by generating an input data deck by transformation of the NASTRAN bulk 
data. Fortran programs were written for this purpose. 


3.1 LOADING CONDITIONS AND TYPES OF COMPARISONS 

Static analysis was performed for the complete vertical tail using NASTRAN, 
ASTROS and ANALYZE for calculations of deflections and stresses. First, 
a 400-pound load was applied at the tip of the model, followed by application 
of the maximum panel load and the maximum inboard load (Ref.5). Next, the 
torquebox was isolated from the complete tail model and run under three loading 
conditions: a 400-pound tip load, the maximum panel and inboard loads. 

For dynamic analysis, NASTRAN and ASTROS were used to obtain natural freque¬ 
ncies and mode shapes. 

For optimization studies, ASTROS was used for user-selected elements optimi¬ 
zation while overall optimization was achieved by OPTSTAT. The number of plies 
in each layer of the skin elements was computed for both user selected and over¬ 
all optimizations and compared to the original structure. 
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4.0 RESULTS AND COMPARISONS 


4.1 STATIC ANALYSIS COMPARISONS 

When static models were run, NASTRAN and ASTROS predict identical deflec¬ 
tions under all loading conditions mentioned for both the complete and torque- 
box models. Differences occurring in shear stresses computed by each program 
were noted, but were negligible. Comparison of results from ANALYZE with the 
other two programs show that ANALYZE predicts smaller, but very close, deflec¬ 
tions than either NASTRAN or ASTROS. A typical deflection curve along 50 % chord 
line is shown in Figure 2, where ANALYZE is shown to predict about 3 % less 
deflection at the tip. This small difference is caused by the type of element 
used in the ANALYZE program. The model is cantilevered with nodes points 
fixed along the root, and therefore elements around the root exhibit stress 
concentrations. Design engineers should pay close attentioin to these highly- 
stressed elements. 

4.3 DYNAMIC ANALYSIS COMPARISONS 

For dynamic analysis of the torque-box, both the inverse method of eigen¬ 
value extraction (INV) and the tridiagonal reduction method (FEER) were applied 
in running the NASTRAN model. In ASTROS, the Given’s method of tridiagona- 
lization (GIV) was used. The ASTROS predictions of the first five frequences 
and corresponding mode shapes are almost identical to NASTRAN results, and dif¬ 
ferences are negligible. 

4.4 OPTIMIZATION RESULTS 

The finite element model for optimization has 137 elements for the skin, 
resulting in 548 global design variables, since there are four layers in each 
element. The skin thicknesses were selected as design variables when the 
torquebox was optimized for each of the two design loads (Ref. 5). 

Optimization was carried out in two ways: user-selected elements optimization 
performed by ASTROS, and overall optimization using OPTSTAT. Representative 
results are presented in Figures 3 and 4, and Table 1. Element 39 shown in 
both figures was selected as a typical example to pictorially illustrate the 
optimization results for the torque-box skin. Figure 3 shows that the original 
element weight of 0.1352 lbs was reduced to 0.0728 lbs after optimization for 
the maximum panel load and to 0.0364 lbs for the maximum inboard load. 

The original number of plies in 0, 90, -*-45, -45 degree directions is (10, 2, 7, 
7), respectively. Differences are expected to exist between user-selected and 
complete structural optimizations for a given design loading condition. 

For example in Figure 4, the number of plies in each direction for complete 
optimization is (12, 1, 1, 1) for the net panel load and (10, 1, 2, 2) for the 
inboard load. This set of results differs significantly from results given in 
Figure 3 for user-selected optimization, where the number of resulting plies 
are (5, 1, 4, 4) for the net panel load and (2, 1, 2, 2) for the inboard load. 

A complete set of results for every element in the torque-box is given in Refe¬ 
rence 6. Table 1 provides a sample of these results for elements 1 through 24. 
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5.0 CONCLUDING REMARKS 

The F-15E vertical tail was either analyzed or optimized using five finite 
element computer programs. As ASTROS and VAASEL follow the same algorithm for 
static structural analysis, identical results for nodal deflections and element 
stresses were computed (Ref. 6). ASTROS and NASTRAN predicted almost identical 
results in both static and dynamic analysis. Static predictions from ANALYZE 
models were also very close to those from NASTRAN and ASTROS. From optimization 
studies of the torque-box model, differences exist between types of structural 
optimization method for a specified loading condition, and between design 
loading conditions. Therefore, from the results of optimization, one can 
observe the potential danger of arbitrarily selecting one or more of several 
design load conditions and, independently, a type of optimization to arrive at 
an "optimized" redesign configuration. Unless all critical design loading 
conditions are considered, such an assumption could result in a totally 
inadequate design. 
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Figure 1 - Structural Model of F—15E Vertical Tail 
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Figure 2 - Typical Deflection Curve Along 50 % Chord Line 






Figure 3 - User-selected Optimization : Outside Skin Elements Only 



Figure 4 - Overall Optimization Skin Elements 
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Table 1 - Overall Optimization ( OPTSTAT ) 


Elem. 

No. Load 


INITIAL 
17 PANEL 


Ply counts in 
0 90 +45 -45 


INITIAL 10 
PANEL 13 
INBOARD 5 


INITIAL 10 
3 PANEL 8 
INBOARD 4 


INITIAL 10 
5 PANEL 5 
INBOARD 4 


INITIAL 10 
PANEL 3 

2 


ifKMruj 


INITIAL 10 
9 PANEL 10 
INBOARD 5 




INITIAL 10 
11 PANEL 7 
INBOARD 5 



INITIAL 10 
13 PANEL 6 
INBOARD 5 



INITIAL 10 
15 PANEL 13 
INBOARD 7 




INITIAL 10 
19 PANEL 7 
INBOARD 5 


INITIAL 10 
21 PANEL 19 
INBOARD 8 


INITIAL 10 
23 PANEL 7 
INBOARD 6 


Elem. 

No. Load 


INITIAL 
2 PANEL 
INBOARD 




18 I PANEL 


20 PANEL 


INITIAL 
24 PANEL 


Ply counts in 
0 90 +45 -45 


INITIAL | 10 
PANEL 
INBOARD 


INITIAL 10 
6 PANEL 5 
INBOARD 2 


INITIAL 10 
8 PANEL 3 
INBOARD 2 


INITIAL 10 
10 PANEL 9 
INBOARD 5 



INITIAL 10 
12 PANEL 7 
INBOARD 5 


INITIAL 10 
14 PANEL 5 
INBOARD 3 


INITIAL 10 
16 PANEL 10 
INBOARD 6 
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9 

1 
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1 

10 

2 ' 

7 

1 

5 

1 


INITIAL 10 
22 PANEL 11 
INBOARD 6 
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2 
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6 
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Structural Optimization With Constraints From Dynamics in 

LAGRANGE NQ4-71433 
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Nomenclature 


a 

amplitude 

maximum value for amplitude 

<7 

X 

vector of transformed coordinates / 
vector of design variables * 

c 

matrix of expansion coefficients 


element of x 

D 

damping matrix 

Y 

transformation matrix 

F 

tranformed matrix in frequ.resp. 

y 

complex displacemcent vector 

f 

vector of external forces 

VLo 

Lanczos starting vector 

f 

assemblage of external forces 

y 

eigenvector 

f 

eigenfrequency 

+ 

criterion vector for pursuing mode 
shapes 

fi,max 

upper bound for frequency 

°'i 

Kronecker symbol 

Ji.min 

lower bound for frequency 

z 

modal damping coefficient 

r 

9 

constraint 

A 

eigenvalue 

K 

stiffness matrix 

n 

excitation frequency 

ku 

normalization coefficient 

n, 

lower bound for excitation frequency 

L 

Choiesky decomposition of a matrix 


upper bound for excitation frequency 

M 

mass matrix 

w 

angular frequency 

m 

number of tranformacion vectors 


indices 

TTlii 

normalization coefficient 

n 

number of degrees of freedom 

() T 

transpose of vector or matrix 

nb 

number of frequency bounds 

0* 

value in k— th iteration step 

P 

number of feasible frequency intervals 

t 

z 

v^T 
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1 Introduction 

Structural optimization problems are mostly solved under constraints from statics, such as stresses, strains or dis¬ 
placements under static loads. But in the design process dynamic quantities like eigenfrequencies or accelerations 
under dynamic loads become more and more important. Therefore, it is obvious that constraints from dynamics must 
be considered in structural optimization packages. This paper addresses the dynamics branch in MBB-LAGRANGE. 
It will concentrate on two topics, namely on the different formulations for eigenfrequency constraints and on frequency 
response constraints. For the latter the necessity of a system reduction is emphasized. The methods implemented in 
LAGRANGE are presented and examples are given. 


2 Eigenfrequency Constraints 

The main reason for formulating an eigenfrequency constraint in structural optimization problems is to avoid ranges 
in the frequency spectrum where excitation frequencies are known to occur under the working conditions ot the 
structure. 

To be able to formulate an eigenfrequency constraint the eigenfrequencies have to first be computed. Thus, the 
eigenvalue problem of the undamped structure 


(K - AM) y = o 


is considered. The eigenfrequencies / can be computed from the eigenvalues A of (1) by 





Now eigenfrequency constraints can be formulated. 


2.1 Upper and lower bounds for the : —th eigenfrequency 

The most common case for an eigenfrequency constraint is given in figure l f where a lower bound and an upper 

bound f % ,max are given for the i—th eigenfrequency. These constraints can be written in a normalized form as 
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Figure 1: Common eigenfrequency constraint 


3i,min — * 


fi. 


mtn 


fi 


>0 



9i,max 



fi 


fi. 


max 


> o. 



The optimization algorithms which are most commonly used in structural optimization (e g. SQP, SLP) require 
gradient information. By differentiating (3) or (4) with regard to a design variable * € * one has 


dgj _ dg^df^dX^ ( 5 ) 

dx dfi dXi dx ■ 


Thus, for computing the constraint derivative the eigenvalue derivative ^ must be computed which is given by 


dX i 
dx 





EXAMPLE 1 A propulsion stage of the Ariane launcher was discretized by a FE model with ca. 2500 degree of 
freedom. A lower bound was given for the lowest eigenfrequency. The weight and was 

figure 2. The initial violation of the frequency constraint of ca. 3.8 % was completely eliminated. Th g 




Figure 2: Weight and constraint history for Ariane propulsion stage 


reduced by ca. 10 %. ■ 


2.2 Formulation of a constraint for an eigenfrequency which corresponds to a given 
mode shape 

In some applications, however, the formulations (3) and (4) for a fixed eigenfrequency index u i” are not sufficient. 
This shall be expounded by the following example. 

EXAMPLE 2/1 A satellite structure according to figure 3a) is regarded. In the initial analysis it was found that a 

characteristic axial mode shape exists for the inner structure (figure 3b)). An excitation of this initially 9th mode shape 
should be avoided, however, because the inner structure contains measurement equipment. Therefore, it was required 
that the eigenfrequency of this axial mode shape should be greater than a given lower bound. Some initial variations 
of the structure indicated that the corresponding mode shape changed between the 7th and the 10th eigenvector due 
to structural changes. Thus, putting a constraint on the 9th eigenvalue would have resulted in a completely wrong 
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Figure 3: a)Satellite structure b) 9th mode shape (initial design) 


design because the mode shape that was to be kept under control had changed its position in the eigenfrequency 
spectrum several times. ■ 

Therefore, a strategy to pursue the given mode shape in consecutive iteration steps was developed. The strategy is 
based upon the M - or K - orthogonality of the eigenvectors ^ 

yjMVj = muSij yjKyj = (7) 

To identify the »-th eigenvector of the Jfc-th iteration step in the (k + l)-th step, the following vectors are defined: 


Z 


Jfe r fc**—Jr 

z.=L y,. 

,* + ‘ = L^ r yf + ' 


( 8 ) 

(9) 


where L is the Cholesky decomposition of either K or M . The required index u f of the eigenvector in the (i+l)-th 
iteration step which corresponds to the i —th eigenvector of the k —th step is determined by 




Graphically spoken, equation (10) states that the angle between the vector x* and has a minim um value (i.e. 

a maximum value for the scalar product in (10)) compared to the angles between x* and any of the vectors x,*^”* 
(/#;) of the (k + lj-th step. ‘ 1 

EXAMPLE S/JI Using this algorithm the constraint for the satellite (figure 3a)) was formulated. Purs uin g the given 
mode shape with the described strategy turned out to be very robust and gave correct results for other structures as 
well. The required frequency for the axial mode shape was obtained accurately while simultaneously minimiz ing the 
heat flux between the outer and the inner structure ([Kneppe89]). ■ 


2.3 Multiple constraints for the x—th eigenfrequency 

Another formulation, namely prescribing several bounds for the t—th eigenfrequency, may occur in some applications. 
For the case of two bounds the two possible variations are given in figure 4. Case a) (inclusion) can be handled with 

Inclusion 
ni = 2 
P = 1 

/\jnax fijnin f 



Exclusion 
ni = 2 

p = 2 



/ 


Figure 4: Two .constraints for the t—th eigenfrequency 
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two constraints of type (3) and (4). Case b) (exclusion) cannot be described by the formulations given so far, however. 

a to in <b. takt in..™! (to™*)), SSStffi 2 

severely violated. Simultaneously satisfying boch constraints is impossible m this case, ittus, a new rormui 
required which is given by ^ 

5i = (-l) P+1 fl^.i ^°> (U) 

;=i 

where g u denote the constraints of the type (3) or (4), p the number of feasible frequency intervals and ni^the number 
o( bounds, respectively. For the exclusion case in figure 4b) the constraint can be written explicitly as (p _ 2, n6 - 2) 

( 12 ) 


• ■ ( l - : ¥) 2 


which gives constraint values greater than zero for the two feasible frequency intervals. 
Differentiation of (11) with regard to a design variable z yields 


dgi 

dz 


nb 

(-d p+1 E 

;=i 


dgij 

dx 




which is a differentiable function in x (just as the constraint (11) itself).- ... , 


n6 = 3 



OD 


Figure 5: a) 





Multiple constraint for lowest eigenfrequency b) Weight history c) Constraint history 


optimization gives an optimal design (OD) at the lower interval bound which is physically reasonable. Weight and 
constraint histories are shown in figure 5 as well. ■ 


3 Frequency Response Constraints 

A more advanced type of constraints from dynamics is given by frequency response constraints. Th«e may occur 
when a structure is harmonically loaded and it is required that the displacement, velocity or acceleration at c * 
points of the structure must not exceed prescribed values. 

For simplicity, only displacement amplitudes <n are considered in the following sections. Velocities and accelerations 

can be treated analogously. , 

In this c ase the constraint for the displacement amplitude in the t—th degree of freedom is given y 



ai(fl, s) 


n, < n < n u , 



where the excitation frequency fl varies in a frequency interval given by its lower bound Q| and its upper bound Q u . 
The displacement vector y of a harmonically loaded structure (excitation frequency Q) is computed y 

, (-n J Af + «nJD + K) y = /(G). < 15 ) 


/(fl) denotes the 
coordinate as 


vector of external forces. The amplitude a,- is computed from the complex displacement in the »-th 


<H = N /Re(y i ) 2 + 
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Equation (15) is a system of complex linear equations which is quite expensive to solve. To make a solution far less 
time-consuming one generally introduces a transformation 

V = Yq. (IT) 

The transformation matrix Y is an x m—Matrix (m n) which reduces the original system to 

Y T (-Q’M + iQD + K)Yq = Y T f(Q) (18) 

Fq = Y T f(n). (19) 

F is a diagonal matrix if Y contains eigenvectors of the structure. In this case (17) is a usual transformation to modal 
coordinates. In recent years, other transformation have been proposed in structural dynamics (e.g. [Wilson et al.82], 
[Nour-OmidClough84j or [Coutinho et al.87]). A transformation to Lanczos coordinates was shown to be especially 
promising because it is a load-dependent transformation that is tailored to the respective load case and approximates 
the influence of higher modes as well. The starting vector y^ 0 that is required for the Lanczos iteration (see e.g. 
[Coutinho et al.87]) is chosen from 

Kyi o = 7, (20) 

fi = max y/ReiMQ)) 2 + Im(/;(a)) 2 z = l(l)n. (21) 


/ contains an assemblage of the frequency-dependent load /(fi) which ensures that every required degree of freedom 
is excited. If the Lanczos tranformation is performed, for example according to [Coutinho et al.87], a reduced set of 
equations is attained, which is again diagonal. Thus, both modal and Lanczos transformation yield a reduced diagonal 
set 

diag(-Q 2 + *Q%wi + u})q = Y T f{Q). (22) 

For optimization purposes the derivatives of (14) are needed. Combining the derivatives of (14) and (16) one has 


dpi _ 
dx 


1 


Qi.maz 




ai 



To compute the derivatives of the 
are differentiated: 


complex displacement vector y which are needed in (23), equations (15) and (17) 


dy dq dY 

dx dx dx ** 



diag(-Q 2 + + «*)|2 = ^ 

dx dx 


m) - + i02^il)q. 



Thus, computing the gradients of (14) in a reduced system requires the derivative of the transformation matrix Y . If 
Y contains a set of eigenvectors of the structure, the eigenvector derivatives have to be computed. This can be done by 
the method originally proposed by [Nelson76] or by some approximation method (see, for example, [Haftka et al.89] ) 
which is usually based on a modal expansion of the eigenvector derivatives. 

Numerical experience indicates that the influence of transformation matrix derivatives on the gradients of the fre¬ 
quency response is often negligible. Differentiating (18) and neglecting the derivatives of the damping matrix and of 
the transformation matrix Y , (24) and (25) are approximated as 


_ y d<[ 

dx “ dx 



diag(-Q 2 + +w?)|I = -Y r ^) Yq. (27) 

dx \ dx dx J 

Equations (26) and (27) can be evaluated with Y containing either eigenvectors or some other transformation vectors 
which, for example, can be obtained by a Lanczos reduction. 

EXAMPLE 4 For a cantilever beam a constraint is formulated for the acceleration at the tip of the beam. Differ¬ 
ent methods for computing the frequency response derivatives are compared. An approximation of the eigenvector 
derivatives by the method proposed bv [Lim et al.87] gives identical results compared to the numerical gradient and 
the gradient obtained by Nelson’s method. An expansion of the eigenvector derivatives in the eigenvectors themselves 

dY , T 

a7 = vc <“> 

with C as the matrix of the expansion coefficients, yields very good results for the response gradient, too (figure 

6a)). Neglecting the eigenvectors derivatives totally (i.e. using equations (26) and (27)) also gives acceptable results 

as shown in figure 6b). A difference between the exact and the approximated gradient can be found in the higher 
frequency range only. ■ 

EXAMPLE 5 Using the approximation method for the gradient, a cantilever plate (fig. 7a)) is optimized. Fig. 7b) 
shows the amplitude response spectra in the initial and final design. The weight history is given in fig. 7c). ■ 
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Figure 6: Comparison of exact and approximated frequency response gradients 



Figure 7: a) cantilever plate b) amplitude response spectra c) weight history 


4 Conclusions 

Several formulations for eigenfrequency constraints were presented and implemented in the structural optimization 
package MBB-LAGRANGE. Examples show that the given formulations are very useful in practical applications. 

The second topic of the paper addresses frequency response constraints. To save computational time it is necessary 
to perform a system reduction both in analysis and gradient calculations. The system equations are transformed to 
either modal or Lanczos coordinates. Neglecting the derivative of the transformation results in equations that are 
easy and inexpensive to handle. The user may, nowever, consider exact or approximated eigenvector derivatives in 
the response gradients as well. 

Work on transient response and random response is in progress. Together with the formulations given above LA¬ 
GRANGE can be used as a tool for solving a variety of structural optimization problems with constraints from 
dynamics. 
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DYNAMIC OPTIMIZATION THEORY WITH 
MULTIPLE OBJECTIVES 


JOHN JONES, JR. 

Air Force Institute of Technology 

ABSTRACT. Let V(t) be a vector-valued function for tc[a,b) a 
real interval. The main purpose of this paper is to establish 
the existence of an interval [a,B] C [a,b] for which there 
exists a t Q e[a, 6]C [a,b] such that V(t Q ) = 0, the zero vector. 

Use of such information in the dynamic optimization theory with 
multiple objectives present is needed. Examples of such sys¬ 
tems will be given. 



INTRODUCTION 


Let V(t) be a vector-valued function for te[a,b] and denoted by: 


V(t) = 


/ v i(t)\ 


V,(t) 


\ v (t) 

\ n 


C1.1) 


where each (v i (t),i=l,2,...,n} are twice continuously differentiable real-valued 

functions of t for te[a,b]. Associated with V(t) is the following non-self-adioint 
matrix vector differential equation: 


1 1 1 I 

fP(t)]V (t)J + Q(t)V (t) + R(t)V(t) = 0 (1.2} 

where [P(t)J, [Qft)j, [R(t)] are n by n matrices of continuous functions of te[a,b] 
and [P(t)] is an n by n matrix of continuously differentiable functions of te[a,b]. 

The main objective of this paper is to establish a sufficient condition for 
the existence of a t^^efa^] for V(t) a solution of Cl-2) such that V(t 0 ) = 0, a 

zero vector of V(t) for which t o e[a,8]9 [a,b]. Also associated with (1*2) is the 
following matrix vector differential equation: 


u (*) + [A(t)]u (t) + [D(t)]u(t) = 0 (1.3) 

where the matrices [A(t)], [D(t)] are continuous functions of a real variable 
te[a,b] such that u(a) = u(b) = 0. Such solutions of (1-3) will be called trial 
functions where u(t) ^ 0, for a < t < b. Such vector-valued functions u(t) will be 
utilized in a computational decision process for the existence of a t eTa BlC 
[a,b] such that V(t Q ) =0. ° 
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In section II an example which illustrates the basic theory which is developed 
in III will be given. 

EXAMPLES 
Example 1 . Let 


V(t) 



V(o) = 0 


(1.4) 


be a given vector-valued function of t for te[a,b] and is a solution of the follow¬ 
ing matrix vector differential equation 


0 

0 


+ 





(1.5) 


The basic problem of determining a t-interval [a,8] C [a,b] for which V(t D ) = 0 
where t e[a, B]C [a,b] and V(t Q ) = 0 will be considered. 

Next, let a trial function be given by 


u(t) 



( 1 . 6 ) 


which obviously has 
for which u(t Q ) = 0 
(1.6) be a solution 


t-zeros at t = 0, t = 1 and u(t) f 0 for 0 < t < 1. Thus t 
= u(0) and u(t Q ) = 0 for which u(l) * 0. Let u(t) given by 
of the following matrix vector differential equation 



0 0 



2\ /2-4t 0\ /2t-l\ /8 O' t“-t 

+i ii i + 


0 1 




and u(t) has t -zeros at t = 0, t = 1 

0 0 0 


Let 


2-4t 0\ / 8 0 

[A(t)] = ( ; [D(t)) = 

00 / \0 1 


for equation (1.7) above. 


Then by making use of the following decision-function: 


(1.7) 


( 1 . 8 ) 
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E[u,v; a,b] ^ I f<Au > u>'J 2 - f • 



<Bv ,v>- <v ,v> +<Cv,v> 



and therefore V(t) has a tc[0,l] = [a,8] C [u,b] such that V(t ) » V(o) * 0 since 


I 



0,l]dt < 0 


Cl.10) 


holds. 


Example 2 . Given the matrix vector differential equation for which the given 
, vector v(t) =1 ) is a solution: (which has t =0) 

! V t / 0 

i 
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/ 2-4t 0\ / 8 0 

where B(t) = I I ; C(t) = ( 

\ 0 -t / \0 1 

Let the trial vector 

which has a t Q -zero at {t Q * 0,1}, u(o) * 0; u(l) = 0, u(t) $ 0 
and satisfies the matrix differential equation: 




where 


and 




0 

8 


t 2 -t 


t-t 



u (t) + A(t)u (t) + D(t)u(t) = 0 
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1 




+ 








8t 2 -8t’ 



which guarantees the existence of a t-zero of v(t) for te[0,l]. 

BASIC MATHEMATICAL FORMULATION OF MULTIPLE OBJECTIVE DECISION ANALYSIS MODELS 

Multiple-criteria decision making (MCDM) has increased the need to identify 
and consider simultaneously several objectives, particularly those derived from the 
study of large-scale dynamical systems. The type of systems considered in this 
work depend continuously upon time t with respect to the time-varying dynamical 
system. Mathematical programming is a very useful and flexible framework for 
multi-objective analysis when the objective and physical constraints of a problem 
may be expressed as functions of decision variables. 

The general problem of single-objective programming is the search for the 
optimum, i.e., a minimum or maximum of a function of variables constrained by equa¬ 
tions or inequalities called constraints. The inequalities may also be differentia 
inequalities or integral inequalities. A single-objective constrained optimization 
problem can be defined and expressed as below: 

max (z(x)) 
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subject sets of inequalities: 

g i (x) £ 0 ; (i-1,2, ..,,m) 
x. > ° ; (j=l,2,...,n) 

where the objective function z(x) and the constraints g^(x) are defined on an 
n-dimensional Euclidean vector space of decision variables 


x 




. .x )eR n 
n 


with values in the set of real numbers R. The functions z(x) and g^(x) can be 
either linear or nonlinear functions of the decision variables, xj, where 

(j = l, 2,3, .. ., n) . The feasible region is denoted by X = {x : xeR n , g^(x) _< 0, 

Xj 0, V i,j}. The optimization problem is to find an element x*eX of the feasible 

region X which will give a minimum value for z(x), i.e., max z(x) = z(x*}. If the 
functions z(x) and g^(x) are both linear, then the optimization problem is called a 

linear programming problem. If either z(x) and g^(x) are nonlinear, then such a 
problem is called a nonlinear programming problem. 

A single-objective programming problem consists of optimizing one objective 
function subject to a constraint set. A multi-objective programming problem is 
characterized by a p-dimensional vector z(x) of objective functions: 


z(x) = Cz 1 (x),z 2 (x),...,z (x)) 1 , t = transpose 


and a feasible region X = {x : xcR n , g^(x) _< 0, x^ ^ 0, V i,j}, but instead of 

seeking a single-optimal solution, a set of nondominated solutions is desired to be 
found. This set of nondominated solutions is a subject of the feasible region 

X = {x : xeR n , (x) 0, x^. ^ 0, V i,j}. For the nondominated set of solutions, 

each solution outside the set, but within the feasible region X, there is a non¬ 
dominated solution for which all objective functions are unchanged or improved where 
also at least one is strictly improved. In general, one can f t optimize a priori a 
vector of objective functions. One first attempts to identify the set of nondomi¬ 
nated solutions within the feasible region X in the consideration of multi-objective 
problems. 


One may formulate the problem as follows: 


max-dominate z(x) 


[Zj (x), Z 2 (x),.. ., z p (x)] 


subject to xeX the feasible region, where the object is to search and identify the 
set of nondominated solutions, i.e., the set of solutions that dominate the other 
solutions in X. Decision functions are used in this area for time-varying problems 
developed by J. Jones, Jr. and the detailed mathematical proofs will appear else¬ 
where due to page limitation of this manuscript. Parallel processing and large 
computers are used to carry out the mathematical modelling and computer simulation 
of large dynamical time-varying systems (both linear and nonlinear). 
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FUZZY COMPROMISE: AN EFFECTIVE WAY TO 
SOLVE HIERARCHICAL DESIGN PROBLEMS 

J.K. ALLEN 1 , R.S. KRISHNAMACHARI 2 , J. MASETTA 3 , D. PEARCE 3 , D. RIGBY 3 

AND 

F. MISTREE 4 

In this paper, we present a method for modeling design problems using a compromise Decision Support 
Problem (DSP) incorporating the principles embodied in fuzzy set theory. Specifically, the fuzzy 
compromise Decision Support Problem is used to study hierarchical design problems. This approach has 
the advantage that although the system modelled has an element of uncertainty associated with it, the 
solution obtained is crisp and precise. The efficacy of incorporating fuzzy sets into the solution process is 
discussed in the context of results obtained for a portal frame. 

1 MODELING HIERARCHICAL PROBLEMS AS COMPROMISE DSPs 

Many real-world engineering systems are too complex to be designed as single systems. In the early 
stages of design it is essential to have a method for partitioning and/or decomposing design problems into 
subsystems which then may be designed concurrently. The nature of the problem itself and the method 
chosen for analyzing the subsystems have dramatic effects on the efficiency and effectiveness of the design 
process as a whole, and by extension, on its cost. Design through repeated iteration is costly, time 
consuming, and may require endless iterations to adjust previously "designed subsystems to take into 
account new information. On the other hand, completely simultaneous design (except in the case of 
variant design) is also impossible. The general formulation of a hierarchically decomposed problem is 
shown in Figure 1. Methods for hierarchical decomposition have been proposed and tested successfully in 
limited situations; Sobieski [1-3], Kuppuraju et al.[4], Shupc et al.[5], Wrenn and Dovi [6], and Padula et 
al. [71. There is, however, a major limitation to these methods, they require precisely defined information 
and relationships between subsystems, and therefore they are impractical for use in the early stages of 
project initiation. We assert that a procedure that incorporates fuzzy set theory would overcome this 

limitation. 

An abstract system made up of a parent system and three subsystems is illustrated in Figure la. The 
subsystems interact with each other through lateral interactions and with the parent system through vertical 
interactions. A physical representation of the abstract system (shown in Figure la) is a portal frame. 
Figure lb. It represents a simple hierarchical system; the frame being the parent system and the I-beams 
three subsystems. The objective is to minimize the overall mass of the frame while it is subjected to static 
loads P and M. The system is subject to certain constraints covering normal stress, bending stress, shear 
stress and buckling in each member. There are two types of design variables; one type for the parent 
system and another type for the subsystems. The parent system design variables (A and I) are each 
member’s cross sectional area and moment of inertia. Each subsystem (I-beam) has six design variables, 
namely, bi, bo, h, t,, t 2 , t 3 . The vertical interactions, Vi, that occur between the parent system and each 
of its subsystems, as well as the interactions that occur between each subsystem, Ljj, are shown m Figure 
lb The lateral interactions necessitate the inclusion of constraints that match the subsystem variables to 
their counterparts in the other subsystems. The vertical interactions necessitate the inclusion of constraints 
that match the parent system design variables (A and I) and the subsystem variables (b, t, h). This 
"matching" is modeled mathematically by system goals in the compromise DSP. An interaction system 
goal constrains one subsystem variable to be equal to its counterpart in the other subsystem. For example, 
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PORTAL FRAME 
Variables 

Aj, i =1.23 (Area) 

I f i = 1.23 (Inertia) 




CROSS-SECTION A-A 
Member variables 


H 


L - Lateral interactions 
V - Vertical interactions 




-A 


FIG. la * A GENERAL HIERARCHICAL 
MODEL OF A SYSTEM 


FIG. lb - PORTAL FRAME AS A HIERARCHICAL 

MODEL 


GIVEN 

Geometry, material properties, loads, etc. 

X° - the starting solution 
i * 1,23 - member number 

j = 1 and 2 - left and right end of member, respectively 

FIND 

X * {Aj, 1$, b|| ,bi2 . til, l i2 * h i ) 

SATISFY 

System Constraints: Frame 

- combined stress constraints 
S(Aj,Ii) £ $max 

System Constraints: For each member 

- combined stress in the top flange 

0(b,t,h)ij £ 0 a 

• combined stress in the bottom flange 

0(b»t»h)jj £ 0 a 

- shear stress constraint 

T(b,t,h)jj £ t a 


- flange buckling constraint (top <fc bottom) 

I 0 (b,t,h)i I £ 0 a b( b il>Ml) 

I x(b,t,h)j 1 ^ t a b(t>ii*tii) 

Overall System Goal 

- Mass Goal: minimize mass of system 
Other System Goals 

- Vertical Interaction Goals: W\ (six goals) 

Aj + d j+i - d+j + i = A( b, t, h )j 

Ij + d *i+4 * d+ i+4 = K b > *• h )i 

- Lateral Interaction Goals: L 12 and L 23 
(twelve goals) 

Lt (b, t, h) + d'„ - d + „ = L 2 (b, t, h) 

1-2 (b, t, h) + d* n - d + „ = L 3 (b, t, h) 

Bounds on system and deviation variables 
MINIMIZE 

The mass of the system 
The deviation between the system variable 
in one member and its counterpart in the other. 


FIG. lc - MATHEMATICAL MODEL OF THE HIERCHICAL DSP FOR 

THE PORTAL FRAME [5] 


FIGURE 1 - THE HIERARCHICAL PROBLEM AND THE COMPROMISE DSP 
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in Figure lb, the individual dimensions of the center beam (subsystem 2) of the portal frame should match 
those of the beams (subsystems 1 and 3) on either side. Thus, lateral interaction equality constraints are 
created to handle this, for example, 

(b 1 ) 1 +d'-d + = (b 2 ) 1 

where (bj)j and (t> 2 )i are the width of the bottom flanges of subsystems 1 and 2, respectively. The 

deviation from this equality is measured by the system goal’s deviation variables (underachievement, d' 

and overachievement, d + ) ! . Similarly, the interaction between the parent system and subsystem 1 is 
written as 

Aj +d- - d+= A(b,t,h), 

where Aj is the cross sectional area of member 1 (parent system) and A(b,t,h)i is the cross sectional area 
of member 1 as a function of the subsystem variables. The interaction system goal provides an effective 
and efficient approach for maintaining the interactions between the parent system and its subsystems and 
between individual subsystems. Further details are provided in [5]. 


The crisp formulation, in succinct notation, of the compromise DSP for the portal frame is presented in 
Figure lc. The compromise DSP has been discussed in detail elsewhere (for example, see ref [10]) and 
will not be repeated here). Given the geometry, loads, material properties and starting values for the 

variables X° our intention is to find that set of variables X that minimizes the mass (modeled as volume in 
the formulation [5]) and satisfies system constraints and goals, and bounds on the variables. The system 


constraints include stress constraints on the parent 
subsystems. The system goals include vertical and 
lateral interactions. Bounds are placed on both the 
system and deviation variables. The objective, 
unlike traditional optimization formulations, is in 
terms of the deviation variables associated with the 
goals. The stresses are calculated using SAP IV and 
the compromise DSP is solved using DSEDES [10]. 
Shupe and coworkers showed the efficacy of using 
compromise DSPs in modeling and solving 
hierarchical design problems [5]. 


system and stress and buckling constraints on the 



2 FUZZY SETS IN DESIGN 


FIGURE 2 - A ONE DIMENSIONAL 
LINEAR MEMBERSHIP FUNCTION 


What is a fuzzy number? Using fuzzy set theory, 

uncertainty in any variable is modeled by assuming that it is represented by a main value, m, surrounded 
by a cloud of fuzziness (uncertainty) [8, 9] whose shape is specified by a membership function, p. The 
exact shape of the membership function must conform to some conventions and numerical considerations: 
(a) its only minima are at the end points of the interval and these must have a zero membership, and (b) its 
only maximum should have membership one at the most likely value within the fuzzy set. A simple 
function that satisfies these guidelines is the linear membership function which is illustrated in Figure 2. 
In this case, the most likely value of the set is the main value, m, and the distribution of membership 
decreases linearly and symmetrically until it equals zero at (m+c) and (m-c). Hence, linear membership 
functions are completely specified by the value of m and the bandwidth of fuzziness, c. 


What is the difference between fuzzy set theory and statistics? The analysis of Gaussian distributions in 
probability and statistics is based on the rigorous mathematical foundation of measure theory. It is 
inappropriate to apply identical manipulations to fuzzy sets • even the very basic definitions of addition and 
multiplication of sets are different in the two cases. 


The general formulation of a fuzzy compromise DSP is given below. 

* The system and deviation variables in a compromise DSP are always non-negative. To effect solution, 
one of the following three conditions must hold, namely; [(dk* = 0) and (dk + = 0)] or [(dk* = 0) and 
(dk + > 0)] or [(dk* > 0) and (dk + = 0)]. This requirement is modeled by: [(dk' • dk + ) = 0]. 


143 



GIVEN 

• An alternative (a starting design): X° = {Xj° I i = 1 ,, M} . 

• Estimated fuzzifiers for constraints, £ const* = {cj}, and performance goals, £ goals = ( c p) • 

j = 1.J and p = 1,..., P. 

• Upper and lower bounds on the system variables. 


FIND 

• The values of system variables : X = {Xj I i = 1,.... M) . 

• Deviation variables d k + and d k + are a measure of the deviation of the system being designed 
from the goals, k =1, ..., K where K is the number of goals. In the fuzzy formulation, there are F 
goals associated with the grade(s) of system compatibility, G goals associated with goal 
satisfaction, and P performance goals (F + G + P = K) 


SATISFY 

• Fuzzy system constraints (capability, C/, meets demand, Di) 

Constraints are a function of the system variables, X. and constants, Aj. The fuzzy form of these 
constants is represented as Aj(l-CjHj). 


[Cj(Aj(l-CjHj), X)1 / [Dj(Aj(l-CjHj), X)] 


£ 1 . 





• Fuzzy system goals 

• Performance goals (performance meets target). Performance goals are a function of the system 
variables, X* and constants, A p . The fuzzy form of these constants is represented as A p (l- 
CpHp). 

[P p (Ap(l-c p Hp),X)] / [Tp(Ap(l-c p Hp), X) ] + d p * - d p + =1 . p = 1.....P. 

• Maximize the grade of system compatibility. (Maximize the possibility of satisfying the fuzzy 
constraints.) 

Hj + dj* - dj + = 1. j = 1.J. 

• Maximize the degree of goal satisfaction. (Maximize the possibility of satisfying the fuzzy 
goals.) 

Hp + d p - d p + = 1. p = I,..., P. 


Bounds 

• On system variables. 


Xj m,n £ Xi £ X 


.max 


i = 1,..., M. 


On the possibility distribution variables associated with the constraints and goals, 

(0 £ Hj, Hp, Hg, Hf £ 1). j = 1,..., J; p = 1,..., P; g = 1,..., G; f = 1 , ..., F. 


MINIMIZE 

* Preemptive deviation function through lexicographic ordering 
Z = [(df + di + ).(d k * + d k + )...., (d K * + d K + ) ]. 

Although fuzziness is introduced into the formulation of the compromise DSP, the design parameters 

constituting the solution are crisp, i.e., not fuzzy. As the extent of the fuzziness is decreased, (c -4 0), the 

solution, {X} fuzzy, of the fuzzy compromise DSP approaches the crisp (non-fuzzy) solution, (XJcrisp. in 
the limit. 
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^SeThe—Tn trutte accuracy modeled by fuzzy 

. A^uzz^form^lation SSfeSS^SSl'bcc.usc it can be used over a relatively large portion of the • 
design time-line As^esign proceeds, information about the object being designed becomes more 
Sd more cemin (less and less uncertain). As the certainty increases a designer is required to merely 
decrease the value of the fuzzifier, c (the fuzzy formulation reduces to the cnsp formulation when 

. Notions such as - "as much as possible" or "approximately 10,000" can be modeled. These are 

. "el^thTthe an added flexibility to the problem’s 

mathematical structure which is very useful in modeling large-scale systems problems. This is 
p^cuTily so when subsystems are Sing designed by different groups and must be integrated into a 

system: h time -iine, the degree of certainty associated with different 

subsystems*win yary. A fuzzy formulation allows a designer to account for these variations in 

♦ h^a Tuz^ formulation if fspoSble to permit some constraints to be "somewhat violated" and 

then to "instruct" other subsystems to compensate appropriately. 

. We believe’thatthe fuzzy compromise DSP provides an ideal way for modeling hiera^tacal 
problems. Shupe et al. [5] and Krishnamachari et al. [121 have demonstraied the efficacy of solving 
these problems using crisp and fuzzy formulations, respectively. 

3.0 IMPLEMENTATION, VALIDATION, INSIGHT AND FUTURE WORK 

ToSem«r DSP template is correct for both the crisp and fuzzy formulations and to gain an insight 

,he 8 '° nKoy ° f ^ ponai ftame 

to take on any satisficing values. , , , 

I /iteml - above dIus the goal that forces the equivalence of the beam geometries. . . 

a^ve p“s the'^oal that femes the equivalence of the beam areas and moment of menus 

cJSSSJS XZ SdtfgMrregmar formuiadon, ihelateral fomtuladon and the 

solutions is shown in Figure 4. 

Rmh d th t e i0 crisD and fuzzy formulations have been exercised with different initial starting solutions to 
establish the global nature of the solution and to ascertain the effect of infeastble stantng solutions on the 

fi arSLg the crisp formulation: The crisp formulation of the DSP proposed by Shapeetal. [51 
forms the basis of this study. The volume obtained by Knshnamachan et al. [ 12] for the lateral and 
Lmprehensive cases is whhin 5 % of the results obtained by Shupe 

for the regular and vertical interaction cases are within 10 %. The difference is attnouteo loinc 
pseudo^preemptive approach used by Shupe in 1985 and the true preemptive approach used by 

Eifea^^ferera^tc^ting solutions: The starting solution did not have much effect on the convergence. 
ft All the runs took almost the same number of cycles for convergence for both the cnsp and uzzy 

formulations. This has been verified for fuzziness varying from 5 to 30 %. 

Does the fuzzy model behave as expected? Both formulations have been extensively exercised and the 

answer is yes. 
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ANALYSIS/SYNTHESIS CYCLE 


DSP TEMPLATE 



FIGURE 3 - SOLUTION SCHEME FIGURE 4 - THREE STARTING SOLUTIONS 


Observations 

Using the fuzzy DSP increases the swiftness with which a solution is obtained: The convergence of the 
fuzzy DSP of the portal frame problem is considerably faster than the corresponding crisp 
formulation. This rate increases as the fuzziness value is increases. The time for convergence 
decreased from approximately 12 minutes for the crisp model to 7 minutes for the comprehensive 
case with a fuzziness of 30 % on the stress limit. 

The efficacy of using the fuzzy DSP in the early stages of project initiation: Increasing the fuzziness 
decreases the effect of an initial infeasible design on the number of iterations needed for 
convergence. This observation is of particular importance in the early stages of project initiation 
when little is known of the system and the uncertainties associated with the information are high. 
Increasing fuzziness increases the speed of convergence and is useful for negating the deleterious 
effect of an infeasible starting solution on the solution process. The fuzzy model is particularly 
appropriate when a designer is interested in obtaining a satisficing, approximate design rather than 
obtaining a design that is accurate and optimal. 

The efficacy of using the fuzzy DSP over a range of the design time-line: In practice, uncertainties 
should decrease as one proceeds along a design time-line. The solution of the fuzzy DSP with c=0 
(i.e., no fuzziness) is within 1% of the solution obtained using the crisp formulation. This is 
indicative that the same model can be used over a wide range of the design time-line. 

The utility of the fuzzy DSP to a designer: Post-solution analysis of the uncertainty value ‘H’ for the 
constraints that are fuzzified can be used by a designer to determine which factors are of importance 
in improving the quality of the solution and thence directing his/her efforts accordingly. Fuzziness 
can be used in two ways, namely, model uncertainties and to study the effect of certain parameters 
on the solution. The latter allows a designer to pin-point a part (within a subsystem) for which it is 
important to get further information, i.e., to reduce the uncertainty. This insight should make it 
possible to direct resources towards activities that provide the "biggest bang for the bucks". 

The efficacy of using the fuzzy DSP to model hierarchical problems: Shupe et al. [5] have shown the 
efficacy of solving hierarchical problems via the compromise DSP. This observation is further 
reinforced by Krishnamachari et al. [12]. The use of the fuzzy DSP does not result in a better design 
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per se but provides a means for recombining the subsystems into a system when design is in 
progress. Further, there are strong indications that the use of the fuzzy DSP could resuhVn ^ 
increase of the efficiency of the design process. 

Future 

The portal frame test case represents much more than a structural optimization problem The same 
philosophy' can be used to model other types of projects in which different departments or groups intetS 
|? ac „ h ;' v ' ‘ h “ S 03 }- The fuzzy compromise DSP can be used to model interactions betweeSe™e?e„ 
Plough the nature of these interactions may be unclear or fuzzy. This is the case in concurrent engineering 

co^u^lr^nJEng is ** mV ' S,ig * tins the efflc * c !' of usin * lhc f ““y compromise DSP in 
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AIRFRAME STRUCTURAL OPTIMIZATION FOR MAXIMUM FATIGUE LIFE 

By 

Dr. D.P. Schrage and A.K. Sareen 
Georgia Institute of Technology 


ABSTRACT 

A methodology is outlined for optimization of airframe structures under 
dynamic constraints to maximize service life of specified fatigue-critical 
components. For practical airframe structures, this methodology describes the 
development of sensitivity analysis and computational procedures for 
constraints on the steady-state dynamic response displacements and stresses 
Strain energy consideration is used for selection of structural members for 
modification. Development of a design model and its relation to an analysis 
model, as well as ways to reduce the dimensionality of the problem via 
approximation concepts is described. This methodology is demonstrated using 
an elastic stick model for the MH-53J helicopter to show service life 
improvements of the hinge fold region. 


INTRODUCTION 

Excessive vibrations degrade the service life as well as the ride qualities 
of helicopters. Studies on vibration reduction by optimization of rotorcraft 
structures are underway at NASA Langley as a part of an ongoing 
NASA/Industry rotorcraft structural dynamics program. The objective of 
these studies is to develop practical computational procedures for structural 
optimization of airframes subject to steady-state vibration response 
constraints (Reference 1). Efforts are also underway at developing an 
integrated, multidisciplinary, optimization-based approach for rotorcraft 
design (Reference 2). One of the objectives of this NASA/Army Aerostructures 
Directorate research program is to establish a procedure to include airframe 
dynamic effects in rotorcraft system dynamic optimization. 

While analysis capability for vibratory response has been pursued for 
quite some time, the vibration reduction in existing helicopters has, for the 
most part, been achieved through add-on vibration control devices Such 
after-the-fact structural alterations imply additional weight penalty and are 
often not effective. These problems can be alleviated if the helicopter 
designers rely on analysis during design in their efforts to limit vibrations. 
This will require the development of advanced design analysis methodologies 
and attendent computational procedures which adequately take vibration 
requirements into account (Reference 3). This paper outlines an airframe 
structural design methodology aimed at airframe dynamic structural 
modification to reduce vibratory response, thereby increasing the service life 
of fatigue-critical components and producing a better vibration environment 
for crew, passengers, and equipment. 
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Figure 1. General Airframe Structural Oplimiaalion Methodology 
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|) large number of design variables 

||) large number of inequality constraints 

iii) many inequality constraints are computationally 

burdensome implicit functions of the design variables. 

• u T ° ovcr ? oinc thc efficiency barrier in structural optimization problems 
with mathematical programming approaches, approximation concepts can be 
used. The basic idea is to transform the problem statement involving a large 
number of implicit functions to a sequence of a relatively small number of 
approximate problems that incorporate only the explicit functions which are 
easy to evaluate (Reference 4). The size of the problem is dictated by number 
of design variables or the number, of constraints. The number of design 
variables is reduced by linear transformation called design variable linking. 
The number of constraints is reduced by temporarily deleting constraints 
which were sufficiently feasible and not likely to become binding for 
moderate changes of the design variables. Graphically, the approximation 
concepts methodology is depicted in Figure 3. 
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Figure 3. Approximation Concepts Methodology 

(Source: Reference 5) 

For the approximate model, the analysis computes the various structural 
responses, such as stresses, displacements, natural frequencies, etc. together 
with their sensitivities with respect to a specified set of design model 

parameters. These response data are fed into the optimization program to 
propose an improved design. Based on the new design, the analysis model is 
modified and a new iteration cycle starts. 

The use of the design optimization capability for practical airframe 
structures is relatively simple and the key concept in applying the 
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optimization capability is to make a 'design" model in addition to the available 
"analysis” model. A design model is a representation of a design optimization 
problem statement in terms of design variables and structural responses. It is 
closely related to the corresponding analysis model. To make the best use of 
optimization capability, the user needs to have a good knowledge of the 
hardware requirements and design criteria, and then create a design model 
based either on the proposed structure or the preliminary drawings. The MH- 

53J design model for optimization is built based on the finite element analysis 
model of Figure 2. 



Figure 4. Basic Design Model Conceptual Structure 

(Source: Reference 5) 


In general, the description of a design model must contain the following 

four components in addition to the associated analysis model description 
(Reference 5): r 

i) Definition of design variables which are allowed to be modified. 

11 ) Description of relations between the analysis model variables and 
the design variables. 

iii) Description of a measure of design based on the responses 
calculated by the analyses. 

iv) Description of the design criteria based on the responses 
calculated by the analysis, in the form of inequality constraints. 

MSr/^/A?Tp C Ai Ual,y, a thC * ?. e ‘* n “ odeI description implemented in 
MSC/NASTRAN may be visualized as shown in Figure 4. The elements in the 

analysis box represent the conventional MSC/NASTRAN analysis capabilities. 

The design variables are defined as separate entities from any of the 

parameters which describe the analysis model. These variables could be 

normalized area or moment of inertias of the sections. Subsequently their 

relationships to the analysis model data is defined directly and or through the 

user supplied equations. In the Figure 4, Type-1 (or direct) responses are 

those analysis results computed directly by finite element analyses. These are 

available for printing or for being read by other modules. The objective and 

constraint functions are formed either directly from the Type-1 responses or 
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from the Type-2 responses which are defined as user-supplied equations in 
terms of the design variables and the Type-1 responses. 

The selection of appropriate design variables is one of the most 
improtant decisions in creating a design model. It is highly desirable that the 
design variables selected have an appreciable influence on the objective 
and/or the constraint functions. Another factor to keep in mind is that each 
design variable should be directly related to physical significant quantity 
such as dimension of a part, so that the designer can modify the drawing or 
the hardware based on the proposed design. The total number of design 
variables is limited only by the computational resources (i.e. memory size, 
secondary storage size, etc.). The optimization process is efficient for a 
reduced number of the design variables. The design model is under 

development at the writing of this paper, and therefore, not presented here. 


MODIFIED METHODOLOGY 

The above mentioned generalized methodology, depicted in Figure 1, was 
modified taking into account the specific efforts undertaken at NASA Langley 
Research Center in developing the DYNOPT program for tuning frequencies of 
helicopter airframe structures under dynamic displacement constraints. 
Ongoing research on helicopter optimization for vibration reduction at 
Langley Research Center has resulted in the development of computational 
procedures for optimization of practical airframe structures under dynamic 
constraints (Reference 6). As a part of these studies, sensitivity analysis 
procedures for constraints on the steady-state dynamic response displacement 
of the Bell AH-1G helicopter airframe were developed, under rotor-induced 
loads. Research work in this regard involved development of a solution 
sequence based on direct matrix abstraction program (DMAP) of 
MSC/NASTRAN to compute the sensitivity coefficients for the dynamic 
response constraints. The sensitivity results from the application of the 
solution seequence to an elastic line model of a helicopter airframe structure 
are discussed in Reference 1. 

In the research study of Reference 6, a computational procedure based 
on the nonlinear programming approach of optimization was developed which 
incorporates the dynamic response sensitivity solution sequence. The 

procedure has the capability to solve optimization problems with frequency 
and static constraints in addition to forced response (displacement only) 
constraints. Implementation of the procedure resulted in a computer code, 
designated DYNOPT, for optimization of airframe structures under dynamic 
constraints. 

The analysis block of the general methodology of Figure 1, on utilizing 
the DYNOPT program can subsequently be modified as shown in Figure 5. As 
can be noted, DYNOPT program can be modified by writing DMAP alter for 
dynamic stress constraints as well as a DMAP alter for associated sensitivity 
analysis. Furthermore, to bring in fatigue life into picture, a synthetic 
response needs to be constructed. Fatigue life will be computed for the MH-53J 
airframe components based on S-N curve methodology. Alternate fatigue life 
computation methods exist but woutd not be used for this work. 
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Figure 5. Modified Analysis Methodology 


The selection of the regions considered for service life improvements 
are shown in Figure 6. These regions were determined from the 98 failure 
analysis reports for H-53 components and structure at Warner Robins Air 
Logistics Center (WRALC) to take advantage of the H-53 service history. The 
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Figure 6. Documented failures due to low stress, high cycle fatigue, 

airframe structure (Group 200). 
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percent of breakdown by fatigue phenomenon accounted for 40% of all the 
failures (Reference 7). The structure failures noted in the failure analysis 
reports were mapped onto the H-53 structure to determine the frequency and 
location of failure as an aid to locate potential "hot-spots" (Figure 6). 


ANTICIPATED RESULTS 

Modification of DYNOPT program is underway to develop DMAP alters for 
dynamic stress constraints and associated sensitivity analysis. Once the 

fatigue life synthetic response is formuated, the sensitivities of dynamic 
stresses at prescribed "hot-spots” can be computed with respect to the design 

variables of the design model. This sensitivity data will be used by the 

optimization algorithm along with the response information for dynamic 

structural modification of the MH-53J airframe. The final results will show the 

reduction in dynamic stresses with a corresponding increase in service life at 

the "hot-spots" after a certain number of iterations. 
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INTRODUCTION 


Passenger comfort is of great Importance in most transport vehicles. For instance, In the new generation of 

regional turboprop aircraft, a low noise level Is vital to be competitive on the market. The possibilities to predict 

notee levels analytically has Improved rapidly in recent years. This will make It possible to take acoustic deskin 
criteria into account In early project stages. ^ 


Tire development of the ASKA FE-system to include also acoustic analysis has been carried out at Saab Aircraft 
Division and the Aeronautical Research Institute of Sweden in a Joint project New finite elements have been 
developed to model the free fluid, porous damping materials and the interaction between the fluid and structural 
degrees of freedom. The FE approach to the acoustic analysis Is best suited for lower frequencies up to a few 

hundred Hz. For accurate analysis of Interior cabin noise, large 3-D FE-models are built but also 2-D models are 
considered to be useful for parametric studies and optimization. 


, Tf, ed °° Wle introductlon of an acoustic design criteria In the general structural optimization 
system OPTSYS available at the Saab Aircraft DIvision.The first implementation addresses a somewhat limited 

ctess of problems. The problems solved are formulated; Minimize the structural weight by modlfyino the 
spedflWIhnte 1 ^ SlmCtUre ’ WhBe keepin ° the no<3e leve< in the cavity and other structural design criteria within 


THE OPTSYS SYSTEM 


^. SYS , toflattw "Ith the Aeronautical Research Institute, is a modular system with welt defined 

* Z E ~fH!! 0nrna " ABAQUS > and codes ,0f aeroelastlclty. A mathematical programming 

C0 ° Vex approximattons °tthelnitiai problem is solved, using the MMA 
memod . Gradients are calculated semi-analytically. Design variables associated to the shape of the structure 

^element cross section properties or the material direction In the case of composite materials, can be treated 

This approach makesi H possible to take several different design criteria into account simultaneously. Constraints 

** 00 dte ^acement stress, eigenfrequency, budding, flutter and aileron efficiency. Other 

,m P°^ ln fl r * dten, » are; the Integration of a preprocessor to define shape variables, the treatment of discrete 

t0dealwtth substructured FE models. OPTSYS has been applied to both aerospace 

" invest ^ atton °*Pota^al weight savings in a composite wing of a fighter 
aircraft Involving more than 700 design variables, simultaneous shape and thickness optimization of a Saab 9000 

optlmtzat,on 01 ** croM a® 0 * 100 of a separation system for satellites to avoid 
stress concentration. OPTSYS originates from an earty version of the OASIS system developed by Espirtg 4 . 
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SENSITIVITY OF THE ACOUSTIC RESPONSE 

The FE formulation leads to a symmetric matrix equation describing the coupled fluid-structure problem * To 
avoid complex arithmetic In current prototype Implementation, the excitation Is restricted to the harmonic caseand 
no porous elements are allowed m the model. If the damping effects are neglected the dynamic response problem 

can be written as ; 


( K - oo 2 M ) u - F 

where cols the excitation frequency. F Is the load vector and u Is the response vector. Vector “ contelrw both the 
structural response and the acoustic pressure degrees of freedom. The equation can be solved directly m the 

primary degrees of freedom or by modal synthesis. 

The derivative of the acoustic pressure p In a certain node with respect to a design variable x is calculated, using 
the adjoint method, according to; 


i£ = 

3 X 


e 


3 k 2 9m 

0—00 -g 


9 X 


d X 


a 


] 


where k. is the element stiffness matrix, m. Is the element mass matrix and v. is the resporwe vector 
corresponding to a unit load applied to the degree of freedom In which the acoustic constraint is defined. The 
summation is made over all elements associated to the design variable x. 

The sound pressure level, SPL, Is defined as; 


SPL - 20 log 


Ipl 


1 * 9 . 


where p is the peak value of ttie acoustic pressure In a specific location In the acoustic cavity and p. Is the acoustic 

reference pressure provided by the user. The derivative of the sound pressure level Is then given by; 


3 (SPL) 
3 x 


20 log e 3 p 


3 x 


The acoustic constraint, which is a special case of dynamic response, proved to be fairly easy to ■" 

OPTSYS. The treatment Is similar to the case of displacement constraints. The character of the acoustic corcitra™ 
is however not as attractive to deal with as the displacement constraint. The acoustic response isnota 
^Zous function of structural size variables, as a maximum will occur when ael^^ 
the excitation frequency. This wll lead to unconnected feasible regions In the design space which Is a major 

difficulty for an optimization algorithm. 


CAVITY WITH FLEXIBLE WALL 

The cavity FE model shown m figure 1 . Is surrounded by rigid walls on five sides. The rightmost wall where the 
F. 0.25 N. 00 Hi. IMk Ml ocrntpondlng 

•needof sound 340trVs*. Structural properties :E-7.210”NAn*. density-2700 kg/m». The noise level inside 
S!^v*y was examined as a function of the thickness attribution m the flexible wan. The ^ 

in the cavity Is Mustraled In figures 2 and 4. Note the asymptotic behavior of the dynamic response when the 

elgeofrequency gets dose to the excitation frequency. 
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1.0 


cavity 


flexible wall 



In the first optimization problem, see figure 2, one design variable was associated to the uniform thickness of the 
whole wall. Note that different solutions are found, depending on the starting point, due to the unconnected 
feasible regions. 

As indicated In figure 3, a second design variable was associated to the center element. The iteration history in 
this two dimensional case Is Illustrated In figure 4. It can be noted that the constraint boundary corresponding to 
SPL -110 dB seems to be very dose to a straight fine and that there Is a small feasible region unconnected to the 
large one,which Is not reached from the starting point The final design Is In this case bounded by the a co ustic 
design criteria and the lower limit of the first design variable. 
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CROSS SECTION OF THE SAAB 340 AIRCRAFT 

The 2—0 FE-model, representing a cross section of the Saab 340 fuselage dose to the plane of the propeller, 
consists of one substructure for the structural part and another substructure for the cavity, see figures 5 and 7. The 
cavity substructure contains 2-0 acoustic elements and interface elements connecting the cavity model to the 
outer ftange.The excitation force was simplified to be harmonic, i.e. the phase difference around the fuselage was 
neglected. The objective function is here the weight of the inner flange, Le. the weight of the elements associated 
to design variables. The acoustic constraint is applied to three points in the cabin corresponding to measurement 
points in flight tests. The location of the design variables (1 - 37) and the constraint points are indicated in figure 6. 



ConeaponcAng FEmodtl Crow section of frame 


Figure S _ Rgure 6 
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Two sequential optimization problems were solved. Figure 8 shows the Iteration history for the objective and 
constraint functions. In phase I only Increased flange areas were allowed. After six Iterations the process 
converged without having reached the desired noise level as all variables giving a favorable contribution to the 
SPL have reached their upper IlmltThe additional 0.076 kg reduced however the noise level from 122.3 dB to 
120.5 dB. In phase II the flange areas were also allowed to decrease. The desired noise level of 119 dB was 
reached after 4 Iterations with a reduction In weight of 0.135 kg.The ASKA FE-model in figure 7 shows the final 
SPL distribution and the corresponding structural deformation for the final design. The picture looks very much the 
same tor the Initial design, the difference being that the noise level Is lower for the final design. In tire final design, 
material has been added in the region controlled by design variables 2-8 and removed elsewhere, making the 
structure less symmetric. The noise level In this test example Is much higher than in the real aircraft and In a more 
realistic application of course other design criteria have to be considered as well. 
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Figure 8 


COMMENTS ON CURRENT AND FUTURE DEVELOPMENT 

The current development includes complex e ^^ < V ^|boitedto hw^gewiMielastlc damping elements, 
to be able to deal with tuned dampers, heavy pieces of .. ^ ^ design variables can than 

during optimization. A new finite of th^damper and to decide where to attach 

distribution of damping material. 
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ABSTRACT 

This paper presents the fuzzy dynamical reliability and failure probability, as 
well as the basic principles and the analytical method of loss assessment for 
nonlinear seismic steel structures. Also presented is the optimization formulation 
and a numerical example for double objectives (initial construction cost and 
expected failure loss) and dynamical reliability constraints. The earthquake ground 
motion is based on a stationary filtered non-white noise and the fuzzy damage grade 
is described by damage index. 


INTRODUCTION 

A reasonable structural design should achieve both serviceability and economic 
objectives; optimum structural design is one of the means to achieve the 
objectives. Traditionally, structural optimum design is to minimize the initial 
construction cost under the constraints of structural safety. But, the optimum 
design of aseismic structures is not only to minimize the initial construction cost 
but also the failure loss of the structure damaged by earthquakes. For this purpose 
an optimization formulation of aseismic structures was presented in Ref. 3, based on 
the double objectives (initial construction cost and expected failure loss) and 
reliability constraints. 

Since a structure under strong earthquakes will undergo inelastic deformation 
and dissipates hysteretic energy, earthquake ground motion is a random process, and 
the safety criterion of structure has some fuzziness, all these properties should be 
considered in the optimum design of aseismic structures and are therefore discussed 

in this paper. 


STRUCTURAL MODEL AND MOTION EQUATION 

For a SDOF steel structure shown in Fig. 1, the motion equation can be expressed 
as 


mX + c X + f (X,X) = -mA(t) 
o s 



in which the earthquake ground motion is simulated as a Gauss stationary filtered 
non-white noise with zero mean and power spectrum 


S A<“> 


1+4C 
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Wh ?r i g respectivel Y the damping ratio and predominant frequency of site 

soil, u> h 8 it fad/s is a parameter of bedrock spectrum, and S is the spectral 

factor corresponding to seismic intensity degree, f (X,X) is the restoring force 

of a structure and can be expressed by a bilinear modll shown in Fig. 2, in^hich k 

is th. primary elastic stiffness, a is the second stiffness coefficient and “ is 

the yielding shear force. They are respectively obtained by the elastic and plastic 
analysis of structure as piastic 


k = 


24EI 


f = 

y 


(3) 


for the section shown in Fig. 3, 


(4) 


<p Z 
s y 


in which E - elastic modulus; I = moment of inertia of the cross section; and u> = 

M /M is the shape factor, M (o Z ) and M (o Z ) are respectively €he Y yieldin| and 
plastic moments; o is the £iel8iXg stresl; $ P and Z are respectively the elastic 
and plastic section moduli. The symbols H, h aXd 6 are given in Figs. 1 and 3. 

RANDOM DEFORMATION AND HYSTERETIC ENERGY DISSIPATION 

B y means of the stochastic linearization technique, Eq. (1) can be written as 
following equivalent linear equation. 


mX + c g X + k X = -mA(t) 


(5) 


in which c g and k g are respectively equivalent linear danping and stiffness, and c 

C o C ef ‘ Y the ener 9Y balance technique of equivalent linearization and® 

by assuming the displacement response X(t) with random amplitude r, c , and k can 
be respectively obtained by (6) ef e 


= / o =ef (r)p(r)dr ' k - = C k.(r) P (r)dr 


o e 


( 6 ) 


in which 


4-(l-a)(r-x )x 


C ef (r) 1 ™ e r 


k e (r) = 


1-rf -1 

k[——-cos 1 (l- 

tr r 


(r > x ) 
Y 

(r < x ) 

- y' 


} + a ■ < r - 2x y >/y r -* y » 


(7) 


(r > x ) 

y 


(r < x ) 
- Y 


( 8 ) 


p(r) = -f- exp (- ~y) 


(9) 


where x is the yielding displacement of structure, u> = o./o , o 2 and o? are the 
stationary variances of the displacement and velocity*responses. *By introducing the 

state vector Z = [X, u, X, u, u>], the covariance matrix T = [Z(t)Z T (t)l can be 
obtained by the following algebraic matrix equation 
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at + rA T = B 


( 10 ) 


in which 
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where 0 and 6 are respectively 4th order matrix and vector. 
4 4 

The correlation function matrix R(t) can be obtained by 
r(t) = r$ T (T) 


(id 


ip ITlcLJi 

in which V(r) is the transfer matrix of state vector Z(t). Let = 0<t<T XU) be 

the structure’s maximum displacement, in which T is the duration of earthquake, the 

mean and variance of X can be respectively obtained by 

m 


E ' x »> ■ </vv> 


IT 


m 


1251 (v T) x' 
n o 


0.5772 , 

p.1 (v o T) ,0 x 

(12) 

\D 

v — 

(13) 


Let e(t) be the hysteretic energy dissipated of a structure during the 
earthquake, its mean and variance can be respectively obtained by 

E[e(T)] = c ef o* T 

V(e(T)] = 4c’ f /J(T-x)R?(T)dT 

in which R?(t) is the correlation function of the velocity response X(t). 

x 

DYNAMICAL RELIABILITY BASED ON FUZZY GRADED DAMAGES 


(14) 

(15) 


Damage Index - Taking the influence of both the deformation and the hysteretic 
energy dissipated on the damage of a structure, a damage index of the hysteretic 
steel structure can be defined as 


D 

c 



+ 


(SilKP 

v e ' 
u 


(16) 


in which X and e(T) are respectively the maximum displacement and hysteretic energy 
dissipated m of a structure during the earthquake, x and e are respectively the 
ultimate displacement and ultimate hysteretic energy dissipated of a structure, 3>1, 
a factor determined by experiments. 
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Using plastic analysis and considering the buckling of column, we can obtain the 
ultimate displacement as follows: 


x = 
u 


f u /k 

x y Mf u ' V /ak 


(f < f ) 
u - y 

(f > f ) 
u y 


(17) 


in which f = 4M /H, M is the ultimate moment which is given in Eq. 18 with the 
axial force effect, 


M = 
u 


l.iBd - r >M 

Y 


(0 < N < 0.15N ) 
(0.15N < N < N ) 

y - y 


(18) 


where N .is the axial load, N - o y A, A is the cross-sectional area. 

By using the low cycle fatigue experimental results of steel structures (5), the 
ultimate hysteretic energy dissipation can be expressed as 


e u = 2(l-a)E[y]f y X y (2N f ) 


(19) 


in which E[y] is the plastic ductility and is the number of full cycles, they are 
respectively obtained by 


E[u] = 


E|X ] - X, 


( 20 ) 


2N, - (5W- 

f M.. 


( 21 ) 


i. P 

where u is tHe ultimate plastic ductility, i.e. 


P u = 


x - x 
u 


( 22 ) 


Fuzzy Damage Grades - The damage of a structure under earthquake is often 
divided into the following five fuzzy grades: 

[B x , B 2 , Bj, B„, B s ] = [Slight, Minor, Moderate, Severe, Collapsed] 


(23) 


Obviously, all these grades possess strong fuzziness in their definition. If the 
damage index D is taken to express above grades, then (i = 1, 2, ..., 5) should 

be a fuzzy subset on the value region of D c and has the membership function as shown 
in Fig. 4. 

Let B? represent the fuzzy state region in which or more severe damage will 

not occur for the structure, its membership curve should have the form as shown in 
Fig. 5 and may be expressed by 

f 1 dd (d 1 Vi 5 

v <a> J in - - !>*1 S d i> ,24) 

-i I i i-l 


(24) 


(d > d.) 

J. 


in which d. (i = 1, 2, ..., 5) are the parameters of fuzzy damage grades and their 
values are shown in Table 1.(2) 
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Dynamical Reliability and Failure Probability - Based on the fuzzy graded damage 
and fuzzy safe region shown in Table 1, the dynamical reliability that the structure 
will not suffer or more severe damage can be obtained by 

d. 

P (B*.) = / 1 f n (d)y R *(d)dd < 25 ) 

s - 1 o U D 7 


in which f (d) is the probability density function of the damage index D c and 
assumed as ?he extreme value distribution I, i*e. 


f^ (d) = -exp[- exp [-exp(- 

D a 


)] 


(26) 


in which 


a = o /l. 2826, 0 = <D > - 0.5772a 

D c 

c 


(27) 


where <D > and o 2 are respectively the mean and variance of D c and approximately 
c D 

c 

obtained as 


<D > = ( 
c 


E1 VV + ( E[e(T)K P 

x ; e 

u u 


(28) 


o i 

7 . Vp . , e(T) p 

°D = ( “x 7) } 

c u u 


(29) 


Obviously, the failure probability that the structure will suffer or more severe 
damage is 


P f (B*) = i - P s (Br) 


( 30 ) 


Then, the failure probability the structure will suffer only B^ graded damage is 
P f (B7) = P f (B*) - (B* +1 ) 

in which i= 1, 2, ..., 5, and P^(B») = 0 


LOSS ASSESSMENT 

Basic Princ iple s of Loss Assessment ~ According to the definition of damage 
grades, we can put forward some basic principles to the loss assessment of 

structures. 

The loss to the slight or minor damage includes only structural repair cost. 

The loss to the moderate damage includes structural repair and replacement cost. 

The loss to the severe damage includes additional replacement cost; the loss 
also includes property damage but excludes the loss of expensive equipments. 

However, the liability less due to minor or serious injuries of the people and loss 
due to business interruption are included. 
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The loss to the collapsed damage includes additional replacement cost, the loss 
of all equipment, liabilities due to death or serious injuries of the people and 
loss due to business interruption. 


According to the economic condition in China, all losses mentioned above are 
estimated based on the following assumption i The losses of structural repair 
corresponding to the slight and minor damage are respectively assumed to be 15% and 
35% of the initial construction cost. The loss of structural repair and replacement 
corresponding to the moderate damage is assumed as 85% of the initial construction 
cost. The additional replacement cost is about twice the initial construction cost. 
The loss due to property damage, excluding the loss of expensive equipment, is taken 
as 25% of all equipment cost. Loss due to death is calculated based on an average 
death age of 30 and is the sum of the person’s salary until he reaches the 
retirement age of 60 years. Thus, this loss is 30 times the average annual net 
income (approximately 2,000 Chinese Yuns). The loss due to serious injury is 
assumed to be 30,000 Yuns per person. The loss due to minor injury is 2,000 Yuns 
per person. Business interruption is estimated as the net income of structural 
service during a reconstruction period. The loss due to legal service may be 
assumed to be 15% of the total failure loss. 

Based on the principles mentioned above, let L^(B^) be the loss corresponding to 


the damage 

L f(B!) 

T- f (B 4 ) 

L f (B 5 ) 


grade B i (i = 1 , 2 , ..., 5 ), we have 
= 0.15 C , L f (B 2 ) = 0.35 C I , L f (B 3 ) = 0.85 ^ 

= 1.15 (2C * °-25C e + 2000N m + 30000 N g4 + R p C g ) 
= 1.15 (2C + C e + 30000 N s5 + 60000N d + R p C g ) 



(32) 


in which C is the initial construction cost, C is the cost of all equipment, C g is 
the net income of structural service per year, R is the reconstruction period 
(years) of the structure, N and N, are respectively the number of minor injury and 
death of people, N and N ™ are the number of serious injury people respectively 
corresponding to t^e damage grades B 4 and B$. According to the statistical results 

of the injury and death of people due to earthquake in China, we approximately take 



(33) 


N = 0.05 N , N, = 0.15 N 

m p d p 

s4 p s5 p 

in which N is the mean number of the people in the building. 

P 

Expected failure loss - By using the results of failure probability p f (? i ) and 
estimated loss L f (B i ) (i * 1 , 2 , ..., 5 ), we can obtain the expected failure loss of 

the structure 



1=1 


OPTIMIZATION FORMULATION 


(34) 


By taking the sum of initial construction cost and expected failure loss as the 
objective function of structural design and considering the reliability constraints 
of structure, the optimum design of structure can be formulated as (3) 
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>v 

Find I 

Min C T = c i ♦ C f , 


S.t. P (B*> > P*. 

s -l - si J 



(35) 


in which I is the cross sectional moment of inertia, C is the initial construction 

cost, C_ is the expected failure loss, P (B?) is the reliability that the structure 
r s — 1 

will not suffer B. or more severe damage, P*. is the lowest allowable reliability, 

-l si 

and the index i in the constraint equation that signifies the relationship with the 
allowable damage extent of the structure under earthquake. 


NUMERICAL EXAMPLE 


The SDOF steel structure shown in Fig. 1 is designed based on the following 
seismic input: earthquake with intensity degree of 8 , S q = 63.98 cm 2 /s 3 , T = 7.0 s, 
C =0.72, and u) =20.94 rad/s. Using structural properties given in Table 2, and 
tSe column's crols-section shown in Fig. 3, the cross sectional area, elastic and 
plastic section moduli have the following relationships: 


0 5 

A = 0.81 , 


Z = 0.78 I 0 ' 75 , 


Z 

P 


0.75 


For the structural losses assumed in Table 3, and the initial construction cost 
is taken as 


C T = 1000 C 

i g 

in which C is the cost of structural steel, then, based on the optimization 
formulatiori in Eq. 35 and by taking p = 1.0, i = 4, P* 4 = 0.9950, we can obtain the 
relationship curve between the objective function and the cross sectional moment 
of inertia I, which is shown in Fig. 6. The numerical results are given in Table 4. 
The optimum design results are I* = 8400 cm 4 and C* = 428300 Yuns. 

CONCLUSION 


This paper presents the fuzzy damage grades described by the damage index. It 
also presents the basic principles for the structural loss assessment corresponding 
to the grades based on the economical condition in China, for which the loss 
functions to the damage grades are given. An optimization formulation and a 
numerical example of the nonlinear aseismic steel structure are shown on the basis 
of double objectives (initial construction cost and expected failure loss) and 
dynamical reliability constraints. 
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TABLE 1. PARAMETERS OF FUZZY DAMAGE GRADES 


d l 

d 2 

d 3 

d 4 

d 5 

0.10 

0.25 

0.45 

0.65 

0.90 


TABLE 2. PARAMETERS OF STRUCTURE 


HI 

jPli: 

H 

(cm) 

■EM 

mm 

65 

100 

400 

2 x 10 * 

2400 


TABLE 3. PARAMETERS OF LOSS ASSESSMENT 


C 

(million Yun) 

C 

(million Yun) 






0.10 

0.20 

i 

50 

20 

350 

150 


TABLE 4. RELATIONSHIP BETWEEN THE SECTION AND THE COST 


-1 

Section I 

8000 

8200 

8400 

8600 

8800 

9000 

Cost 

(cm 4 ) 

(cm 4 ) 

(cm 4 ) 

(cm 4 ) 

(cm 4 )_ 

(cm 4 )_ 


0.2824 

0.2859 

0.2894 

0.2928 

0.2962 

0.2995 

(million Yun) 







c 

0.1465 

0.1426 

0.1389 

0.1358 

0.1328 

0.1302 

(million Yun) 








0.4289 

0.4285 

0.4283 

0.4286 

0.4290 

0.4297 

(million Yun) 
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Fig. 1. Structural model Fig. 2. Restoring force model Fig. 3. Cross section 
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ABSTRACT’ 


This paper first presents a brief review on the application of optimization 
and active control of seismic structures along with some of the author's recent 
work. It then assesses the practicality and future development of seismic 
structural optimization, and some practical problems associated with active 


control. 


REVIEW OF SOME APPLICATIONS 


Since the author has reviewed the subject in 1983 (6) and 1985 (12) , this 

article is intended to highlight some recent results and includes only pertinent 
publications after the year 1980. Generally, the literature review can be 
divided into the following categories: 1) nature of structures, such as 
frameworks, buildings, and bridges; 2) construction materials, such as steel, 
reinforced concrete, and mixed steel and concrete; 3) objective functions of 
minimum weight or cost; 4) optimization methods; 5) deterministic or 

nondeterministic in response and resistance; and 6) optimum control. 
Apparently, the above categories are quite nebulous and they overlap, and 
optimum control could be in an independent category. 

Most structures that are optimized are frameworks (1, 2, 4, 5, 11, 13), only 
a few are building systems (8, 10, 38), and bridges (42). Major research work 
is for steel structures, a few are for reinforced concrete (1, 2, 21, 26), and 

very few are for mixed steel and reinforced concrete construction (3, 45). 
References 9, 15, 25 are based on minimum cost; the others are based on minimum 
weight or other types of objective functions. Most of the results were obtained 
by using conventional mathematical programming. A few were based on analytical 
procedures and iteration schemes. However, References 4, 7, 14, 16, 22, 40 were 
based on the modern optimization techniques currently in vogue. Other notable 
works related to optimization are: based-isolation (28, 30, 31), friction-joint 
(36), mode- and active-control (19, 20, 34, 35, 41, 43, 44), and fuzzy 

applications. (27, 29 ) 

This presentation is summarized in the following classifications as 1) 
deterministic structures, 2) nondeterministic structures, 3) active control, and 
4) structural optimization with active control. 


Deterministic structures - A number of publications are dealing with deter¬ 
ministic systems for mathematical models or parameter investigations, or both. 
Refs. 9, 13, 38 are not only the mathematical developments, but also have 

associated computer programs for both parameter studies and practical structural 
design of 2-D and 3-D structural systems. The 2-D structures are formulated on 
the basis of the displacement method and the consistent mass model with the 
second-order P-A effect. The structural systems are trusses, and unbraced and 
braced frames of single-, double-, k-, and eccentric-bracings. The dynamic 
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forces may be 1) seismic excitations at the base with either one horizontal or 
one horizontal and one vertical earthquake motion, and 2) dynamic forces or wind 
forces at the structural nodes. The earthquake motions include 1) the actual 
earthquake records, 2) various response spectra, 3) building code provisions in 
the U.S. and abroad with and without soil-structure interaction. The structural 
members are either built-up sections or hot-rolled wide flange sections. The 
objective functions can be the minimum weight or minimum cost of a structural 
system. For 3-D structures, the structural elements are steel and reinforced 
concrete members. Seismic input includes response spectra and code provisions. 
The response spectra are developed for multicomponent excitations. The 
provisions include the equivalent lateral force technique and the modal analysis 
procedure. For both 2-D and 3-D structural optimization, various static loading 
conditions are included. 

Nondeterministic structures - Several references (7, 15, 18, 26, 33, 41, 42) 
are related to nondeterministic structures. UMR's work was emphasized on the 
optimality criteria developments, formulation of structural response and 
resistance, and parameter studies (7, 15, 24). Three types of seismic loading 
models were employed in the study: UBC codified forces, Newmark's 

nondeterministic seismic response spectra for both horizontal and vertical 
ground motions, and Gaussian random process with a constant or varied seismic 
spectra. Four live loading models were also used in the study: ANSI (American 
National Standard Institute), NBS (National Bureau of Standards), UK (United 
Kingdom), and UNREDUCED (actual) models. 

The cost objective function has initial construction cost (C ,), future 
failure cost (iL), and system probability of failure (PJ. The total cost is 
expressed as 


Cp = Cj + (1) 

for which the reliability is based on normal and lognormal distribution with two 
different 1st and 2nd variance approaches. 

Active control - Notable review on active control has been reported by Soong 
(39) from which one may find various theoretical and experimental studies of the 
control system. UMR's work has dealt with the issue of whether the placement of 
actuators at certain location of a structure more advantageous than for those at 
other location (37). The term optimal actuators placement reflects upon the 
reduction of the structure’s response while using the minimum control effort. 
The UMR studies include the minimization of a control energy performance index; 
minimization of response performance index; and maximizing a controllability 
performance index. The three methods are compared and simulation studies are 
carried out using various earthquake records. The results are useful and 

practical. 

UMR's studies also dealt with another issue; that is in application of 
structural control, it may be necessary to limit not only the magnitude of the 
control force, but also the control force time-rate at which we demand the 
control force to be supplied (20, 25). This is especially important when large 
magnitudes of control forces are required. Two optimal control algorithms were 
developed. The first algorithm is an extension of the traditional quadratic 
performance index to include a control derivative term. The second algorithm, 
in addition to introducing a control derivative term in the quadratic 
performance index, imposes a constraint on the upper bound of the control rate. 
The results show that the control rate can be prespecified and practically 
necessary. 
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Structural op timi za tion with active control - Structural optimization allows 
one to design and construct a structure to satisfy an economical and serviceable 
objective. The application of active control is used as additional redundancy 
to minimize the deformation of structure for safety and serviceability; the 
structure itself, however, is designed based on conventional trial and error 
procedures but not the optimum. It is therefore UMR's work has combined 
structural optimization with control (20, 23). The advantages of the combination 
approach are that it can have all the strong points of both structural 
optimization and optimal control. The studies dealt with the optimal design of 
building structures equipped with active control systems of mass damper, tendon, 
and a combination of both. The structural optimization is formulated as a 
constrained minimization problem for which the design variables are the floor 
stiffnesses of the building and certain control parameters. The constraints 
include floor drifts, floor displacements, control forces, and natural 
frequencies. A control energy performance index is also minimized to find 
optimal weighting matrices that yield the least op timal control forces 
satisfying the constraints. 

CONCLUDING REMARKS ON ASSESSMENT OF PRACTICALITY AND PROBLEMS 

Structural optimization is a scientific approach which is remarkably 
different from the conventional design that is based on trial and error 
procedures. Structural optimization has been in practical use in many 
engineering disciplines. For seismic structures, a great deal of research 
results and a few large capacity computer programs are available for practical 
use in engineering practice. However, much more research work is still needed 
in developing more efficient algorithms for multiple objective functions and 
multiple damage levels associated with low-, median-, and severe earthquakes for 
both deterministic and nondeterministic systems. 

Although the application of active control in civil engineering has been 
investigated in the past two decades and the recent research results show that 
the system is very promising in preventing structural damages, the practical use 
of the control in real engineering construction has some problems which are 
worthwhile to be noted. They are 1) back-up energy supplies to ensure the 

control system remains to be operational during the earthquakes; 2) discrepancy 
between the mathematical structural model and the actual structures such as how 
to include structural members' inelastic behavior or failure into the feedback 
system; 3) the effect of multicomponent seismic input on structural response 
because the earthquake motion has six components of three linear, one torsional, 
and two rocking motions; and 4) the effect of soil-structure interaction. Some 
of the aforementioned problems are currently being studied by various 
researchers, including the author. A great deal of research efforts must be 
carried through national and international cooperation in algorithm 

developments, laboratory tests, and full scale verifications before the system 
can be practically implemented in engineering practice. 

ACKNOWLEDGMENTS 

The research results presented herein are supported by NSF and National 
Center for Earthquake Engineering Research through various research grants. 

REFERENCES 

1. Austin, A.M. and Pister, K.S., "Optimization-Based Computer-Aided Design of 

Earthquake Resistant Steel Structures", 8th WCEE Proceedings , Vol. 5, 451- 

458, 1984. 


173 


A 

1 


9 Balling. R.J., Pister, K.S., and Ciampi, V., "Optimal Seismic-Resistant 
Design of a Planar Steel Frame", Earthqua k e Engineering and Structur e 

Dynamics , Vol. 11, 541*556, 1983* 

3. Braga, F., D’Asdia, P., Dolce, M., "Optimum Design of Aseismic Coupled Shear 
Walls", 7th WCEE Proceedings, Vol. 4, 493-496, 1980. 

4 Cheng F.Y., "Energy Distribution Criteria for Braced and Unbraced 
Structural Design Subjected to Parametric Earthquake Motions,’ ^ oc ^? 1 _gf | 
of the 7th World Conference on Earthquake Engineering, Vol. 6, pp. bbo b , 

1980. 

5. Cheng, F.Y., "Evaluation of Frame Systems Based on Optimality Criteriawith 
Multicomponent Seismic Inputs, Performance Constraints, and P-A Kfect , 
Optimisation of Distributed Parameter Struc tural Systems, Sijthoff and 

Noordhoff International, Vol. 1, 650-684, 1981. 

6 Cheng F Y "Design Algorithms for Static and Dynamic Structures Based on 
Optimality Criteria," pSceejjngs of the U.S.-China Workshop on Adva nces in 
Computational Engineering M echanics, 1983. 

7 Cheng, F.Y., "Optimum Design of Seismic Structures With Risk Consideration , 
Paper No. 10, U.S.-Japan Cooperative Research Proceedings, 1983. 

8 Cheng F.Y. and Truman, K.Z., "Optimization Algorithm of 3-D Building 
Systems for Static and Seismic Loadings", Modeling—and— Simulation _ i n 
Engineering , North-Holland Publishing, 315-326, 1983. 

q Cheng FY.. "Optimum Design of 2-D and 3-D Structures Subject to 
’ Multicomponent Seismic Excitations," Proceedings of the AIT-CCNAA 
Taiwan) Joint Seminar on Research for Mult iple Hazards Mitigation, pp. 182 

202, 1984. 

10. Cheng, F.Y. and Truman, K.Z., "Optimum Design of Steel and Reinforced 
Concrete 3-D Seismic Building Systems," 8th WCEE Proceedings, Vol. 5, pp. 
475-482, 1984. 

11. Cheng, F.Y. and Juang, D.S., "Assessment of ATC-03 for Steel Structures 
Based on Optimization Algorithm," 8th WCEE Proceedings, Vol. 5, pp. 435 

442, 1984. 

12 Cheng F Y., "Developments in Optimal Seismic Structural Design," 

* Proceedings of U.S.-China-Japan Trilateral Symposiu m/Workshop on Engineerinj 
for Multiple Natural Hazard Mitigation , pp. E10-1-24, 1985. 

13. Cheng F.Y. and Juang, D.S., ODSEWS-2D-II - User’s Manual for Op timum Design 
of 2-Dimensional Steel Structures for Static, Ea rthquake, and Wind Forces" 
Version II,' NSF Report, the U.S. Commerce Department, Virginia, NTIS P B8/- 

163093/AS (134 pages), 1985. 

14 Cheng F Y and Juang, D.S., "Computer Aided Structural Optimization for 
Static** and Wind Forces,’’ Prec. of 5th U.S. National Conf. on Wind Eng, , 

1985. 

15 Cheng F.Y. and Chang, C.C., "Optimum Design of Steel Building with 

* Consideration of Reliability," Proceedings of the 4th— iPtewiatio^ 

Symposium on Structural Safety and Reliability, Vol. IV, pp. 81 90, 1985. 


174 





16. Cheng, F.Y. (Ed.), Recent Developments in Structural Optimization , American 
Society of Civil Engineers, 1986. 

0 

17. Cheng, F.Y. and C.P. Pantelides, "Optimum Seismic Structural Design with 
Tendon and Mass Damper Controls and Random Process,' 1 ASCE Structures 

Congress V , pp. 40-53, 1986. 

18. Cheng F.Y. and Chang, C.C., "Aseismic Structural Optimization with Safety 
Criteria and Code Provisions, 11 Proceedings of the U.S.-Asia Conference on 
Engineering for Mitigating Natural Hazards Damage , Vol. I, pp. D8-1-D8-12, 

1987. 


19. Cheng, F.Y. and Pantelides, C.P., "Optimal Active Control of Wind Structures 

Using Instantaneous Algorithm," Vibration Control _and—Active— Vibratio n 

Suppression , ASME, pp. 21-28, 1987. 

20. Cheng F.Y., "Response Control Based on Structural Optimization and its 
Combination with Active Protection," Proceedi n gs of 9th World Conference on 
Earthquake Engineering , Vol. VIII, pp. 471-476, 1988. 

21. Cheng, F.Y. and Juang, D.S., "Assessment of Various Code Provisions Based on 

Optimum Design of Steel Structures," International _Journal—of— Earthquake 

Engineering and Structural Dynamics , Vol. 16, pp. 45-61, 1988. 

22 . Cheng, F.Y. and Juang, D.S., "Recursive Optimization for Seismic Steel 
Frames," Journal of Structural Engineering , ASCE, Vol. 115, No. 2, pp. 445- 

466, 1988. 


23. Cheng, F.Y. and Pantelides, C.P., Combining Structural Optimization_and 
Structural Control , Technical Report NCEER-88-0006, 1988. 

24. Cheng, F.Y., and Chang, C.C., "Optimum Studies of Coefficient Variation of 

UBC Seismic Forces," Proceedings of 5th Interna tional Conference-on 

Structural Safety and Reliability , ASCE, Vol. Ill, pp. 1895-1902, 1989. 

25 Cheng F Y "Optimum Design of Seismic Structures: Methodologies and 

Result " Proceedings of 4th US NCEER, Vol. 2, pp. 917-927, 1990. 



Davidson, J.W., Lewis, P., 
Optimization for Earthquakes 


and Hart, G.C., "On Reliability-Based Structural 
", Comput. Struct. , Vol. 12, 99-105, 1980. 


27. Furukawa, K. and Furuta, H., "A New Formulation of Optimum Aseismic Design 
Using Fuzzy Mathematical Programming", 8th WCEE Proceedings, Vol. 5, 443 

450, 1984. 



Guerra, O.R. and Esteva L., "Optimization Criteria for the Selection of 
Ground Motion Isolators," 7th WCEE Proceedings , Vol. 8, 163-165, 1980. 


29. Kawamura, H., Tani, A., etc., "Optimum Aseismic Design of Buildings Based on 
Production Rule and Fuzzy Theory," 9th WCEE Proceedings, Vol.V, pp. 1019 

1024, 1988. 

30. Kelly, J.M., "Aseismic Based Isolation," The Shock an d Vibration Digest, 14, 
17-25*, 1982. 

21 Kellv J.M., "Aseismic Based Isolation: Review and Bibliography," Soil 
Dynamics Earthquake Eng. , Vol. 5 (4), pp. 202-217, 1986. 

175 


1 




Kiv. 

- f 


32. Kiliranik, L. Sh., and Tonoyan, K.A., "Optimal Response Analysis of Multi¬ 
story Frame Structures Under Seismic Excitations," Proceeding of 7 th 
European Conference on Earthquake Engineering . Vol. 3, 501-510, 1982. 

33. Kim, S.H. and Wen, Y.K., "Optimization of Structures Under Stochastic 
Loads," Structural Safety and Reliability , Vol. Ill, pp. 1871-1878, 1989. 

34. Kobori,T., "Active Seismic Response Control," 9th WCEE Proceedings, Vol. 8. 
pp. 435-436, 1988. 

35. Liu, S.C., Jang, J.N., and Samali, B., "Control of Coupled Lateral-Torsional 
Motion of Buildings Under Earthquake Excitation," 8th WCEE Proceedings, Vol. 

5, 1023-1030, 1984. 

36. Pall, A.S. and Marsh, C., "Response of Friction Damped Braced Frames," ASCE, 
J. ST.D., Vol. 108, 1313-1323, ST6, 1982. 

37. Pantelides, C.P. and Cheng, F.Y., "Optimal Placement of Controllers for 
Seismic Structures," International Journal of Engineering Structures . 1990. 

38. Truman, K.Z. and Cheng, F.Y., "Optimum Assessment of Irregular 3-D Seismic 
Buildings," Journal of Structural Engineering Division . ASCE, Nov., 1990. 

39. Soong, T.T., "State-of-the-Art Review: Active Control in Civil Engineering," 
Journal of Engineering Structures , Vol. 10, pp. 74-84, 1988. 

40. Venkayya, V.B., and Cheng, F.Y., "Resizing of Frames Subjected to Ground 
Motion," Proceedings International Symposium on Earthquake Structural 
Engineering . (Ed. F.Y. Cheng) 1, 597-612, 1976. 

41. Yamada, Y., Iemura, H., etc., "Phase Delayed Active Control of Structures 
under Random Earthquake Motion," Proc. 4th US NCEER, Vol. 3. pp. 447-456. 
1990. 

42. Yamada, Y., Furukama, K., Kitajima, K., "Studies of the Effect of Earthquake 
and Structural Uncertainties on Optimum Aseismic Design of Long Span 
Suspension Bridges," 7th WCEE Proceedings . Vol. 6, 721-728, 1980. 

43. Yang, J.N., "Building Critical-Mode Control: Nonstationary Earthquake," 
Journal of Engineering Mechanics . ASCE, Vol. 109, 1375-1389, 1983. 

44. Yang, J.N., Akbarpour, A., and Ghaemmaghami, P., "New Optimal Control 

Algorithms for Structural Control," Journal of Engineering Mechanics. ASCE. 

Vol. 113, No. 9, pp. 1369-1386, 1987. 

45. Zingone, G., Papia, M. and Russo, G., "Structural Ductility in Reinforced 
Concrete Buildings Stiffened by Cross Braces Criteria for Dimensional 
Optimization," 7th WCEE Proceedings . Vol. 3, 199-207, 1982. 


176 







Fig. 4. Membership function of fuzzy 
damage grades 


Fig. 5 



. Membership function 
of fuzzy safe regio 


Fig. 6. Cross section (I) vs. cost (C^) 



N94-71440 

Control/Structure Interaction 
Conceptual Design Tool 

by 

Dr. Hugh C. Briggs 
Jet Propulsion Laboratory 
California Institute of Technology 
4800 Oak Grove Drive 
Pasadena, CA 91109 

Abstract 

The JPL Control/Structure Interaction Program is developing new analytical methods for designing micro-precision 
spacecraft with controlled structures. One of these, the Conceptual Design Tool, will illustrate innovative new 
approaches to the integration of multi-disciplinary analysis and design methods. The Tool will be used to demonstrate 
homogeneity of presentation, uniform data representation across analytical methods and integrated systems modeling. 
The Tool differs from current "integrated systems" that support design teams most notably in its support for the new CSI 
multi-disciplinary engineer. 

The Design Tool will utilize a 3-dimensional solid model of the spacecraft-under-design as the central data organi¬ 
zation metaphor. Various analytical methods, such as finite element structural analysis, control system analysis and 
mechanical configuration layout, will store and retrieve data from a hierarchical, object oriented data structure that sup¬ 
ports assemblies of components with associated data and algorithms. In addition to managing numerical model data, the 
Tool will assist the designer in organizing, stating and tracking system requirements. 

The Design Team 

A team oriented model underlies the CSI design process and a brief description will be presented by way of intro¬ 
duction to provide a working model of the Tool's "user community." The principal objective of the design team is to 
find a design that solves a given problem in some optimal sense. Before candidate designs can be generated, the prob¬ 
lem to be solved must be determined and all appropriate constraints identified. The design space, or those solutions that 
might be considered, must be searched and the performance of feasible designs evaluated. The team may find it has 
been given several problems to solve or that certain aspects are vague and ill-defined. 

Project leadership is frequently split between a program manager and a technical manager, where the technical 
manager leadsg the design team with the help of a systems engineer. The team works on behalf of stakeholders such as 
sponsors and benefactors. The problem statement comes, in some form or other, from the stakeholders. The team ana¬ 
lyses possibilities, presents alternatives with descriptive data to a "decision maker", and returns to work with the decision 
and additional data to refine the solution. 

The life cycle of a system spans stages such as design, production, operations/maintenance, modification and retire¬ 
ment While the analytical elements of the design environment could well be used in the investigation of anomolies dur¬ 
ing the operations phase and certain design features could be used in the modification of a mature system, the present 
discussion is aimed at the initial design phase. Here, the clean-slate nature of the early design efforts probably requires 
significandy different designer support functions than the modification and maintenance phases where the system 
configuration is tightly constrained and the history of the system provides considerable inertia to change. 

Even within the design phase, various requirements can be identified. During conceptual design, the team will 
have only a few members and possibly be just a single system designer. The objective is to capture the intentions of the 
end user, turn these into requirements and generate one or more candidate designs. Use of analytical methods is minimal 
since the configuration and component parameters may be poorly known and the design process support might be mosdy 
visual presentation of the configurations. Simple representative models and compilations of broad design rules might be 
used to quantify performance. At the end of this phase of design, reasonable candidates have been identified and major 
advantages and shortcomings of each described. User requirements have been negotiated with anticipation of "what is 
possible" having been traded against "what is necessary." 

In the next stage which culminates in a review of the preliminary design, the configuration of the leading candi¬ 
dates are optimized and the uncertainties associated with critical elements are evaluated in some depth. More analysis is 
possible as full featured system level models can be built and quantitative preformance measures can be evaluated. By 
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the end of this phase a single candidate system has been identified and analyzed with little risk remaining in most 
requirement versus performance areas. The system design team has grown significantly to as many as ten members and 
representatives of the major subsystem elements have received their initial requirements. 

In the remaining period prior to full scale production, detailed analyses of subsystems and components are per- 
tonJ \r«3£Trisk elemem/end » prcptie fxbncauon m as*n,bl y details. SunI the system 
configuration is quite stable, high fidelity modeling can be employed to evaluate the exact consequences of subsystem 
interactions and to prepare guidelines for system level testing. 

Advances in the development of design environments for the prelimary design phase will come primarily in the 
integration of individual technology analyses to support system level analysis and allow efficient trade studies at the >ys- 
tem^level State of the ait discipline methods are generally not required and model interfacing, data passing, and- mfor- 
. m 1 .n 30 p.ment are the kev issues Support for the multi-disciplinary design team members requires formulation of 

in 7symbology, mlnology end tiulytice. pmsonmUoo. I. is no. dob. 

SSS SS mSysTs aod .bridcatiob s.ages dm. In-depd, abalysi, by .eehmcal speeds w,ll be ne,„eed. 

On the other hand, considerable development of new technologies is required to support the design team during 
conceptual design Rapid preparation of realistic depictions of the system are required to support coitfgurauon layout 
and evaluation knowledge bases containing as yet unidentified design rules must be integrated and made available as a 
consultation service on request or an oversight function with notification on exception. Surrogate subsystem models must 
be catalogued and available for trial and evaluation. The data manager must maintain several candidate system concepts 
comolet?with models, analysis results, and notes. History and audit trails will eventually be required. Finally, a smooth 
transition to the preliminary design phase must be supported by translation and extrapolation of models, selection of can¬ 
didates to be carried forward, and selective improvement in model fidelity and system detail. 

Additional development is required in the area of requirements capturing, quantification and tracking. The design 
team must interpret user needs and generate a data base of system requirements and derived requirements. These must 
be available later for comparison to analytically predicted system performance and for reconcdiauon of discrepancies. 
Traceability is very important and some capability beyond simple text documents must be provided. 

The Nature of Problem Solving and Synthesis 

The construction and application of models can serve two different purposes and the design tool should support 
both [1] The traditional use of models is to analyze the performance of a system, typically for the purpose of making a 
decision about its adequacy or acceptibility. The design tool must at least accomplish this, but with a new capability to 

b a context. The na.feln.ss of a given model o, analytical tnrthttiI depmtfc on 

its accuracy versus its cost. More to the point, in a system design context, the merit of a tool lies in tte ability of th 
team to control the accuracy versus cost trade in order to invest in increased accuracy when required and to avoid 

unnecessary charges when more approximate results are appropriate. 

The second purpose of modeling is to achieve an improved understanding of complex systems as might be required 
early in the design process when subsystems are being synthesized into system concepts. The tool must provide a more 
£*££ avd Investigative style w4« imemetion end qeick rexpoese tie impontiti. In dm con^ i ml ti»^, . de 
might beknown about the system and the designer may be working more to establish a well posed problem, ’^pur¬ 
pose of the model lies in the act of its construction and exploration and in the resultant, improved intuioon about the 

system’s behavior, essential aspects, and sensitivities."[ 1 ] 

A general tool must support various world views and approaches to problem solving. No single model of^the <iyn- 
thesis methods employed by designers exists and several different approaches can be discerned with little trouble- bile 
a completely general enviomment might be desirable, it is probably impractical. Consider the fundamental differences 
between declarative languages such as Prolog and procedural languages such as Fortran. Therefore, an understanding o 
the major elements in approaches to design can indicate which functions should be implemented and made available for 

trial and proof testing. 

An Analysis of Design Tasks 

The activities accomplished by a designer span a broad range in terms of level of abstraction and technical 
knowledge. By understanding the tasks, attitudes and activities of the designer, the feature set of the design tool might 
be chosen to include a rich set of supporting functions. It remains to be seen how automation will change the way 
designers work and what changes this will bring to the evolution of such design tools. 


Tasks can be described by the level of abstraction required to comprehend the breadth of the task and the under¬ 
standing of the actions involved. [2] For example, the first three levels represent work that involves relatively concrete 
types of thinking. "Perceptual-motor concrete" is a mode of work that involves direct perceptual contact with the physical 
output. The second level, imaginal concrete," requires the use of imagination in constructing a project, but deals with 
projects for which the final output can be visualized in concrete terms. The third level is "imaginal scanning" which 

involves tasks where it is impossible to comprehend an entire area of responsibility at once, although the whole can still 
be mentally scanned, one piece at a time. 

There is a significant change in the level of abstraction between levels three and four since there is a change from 
die concrete to the abstract mode of thought and work. "At level four, neither the output nor the project can be foreseen 
in concrete terms, even by imaginal scanning. The project cannot be completely constructed. It remains a combination 
of a conscience subjective picture, incomplete in itself, whose specific total form and content are unconsciously intui¬ 
tively sensed but cannot quite be consciously grasped." [2] The fifth level is based upon the intuitive theories the indivi¬ 
dual has developed from his experience. It seems that the art supplied by senior spacecraft designers involves operations 
at these higher levels. 

Six activities can be identified within die design task that might be impacted by the design tool. Many of these 
tasks are currendy accomplished mentally, particularly in the earlier design phases, and cannot be easily shared or 

transferred. A goal of this tool development is to facilitate both the shared construction of the design and the depiction 
of the design so that it might be transferred. F 

Table 1. Complexity of Design Activities 


Activity _ 

Requirements Analysis 

Configuration Synthesis 

Model Building 

Analysis 

Decision Making 
Reporting 


Level of Abstraction 
low 

imaginal concrete 
intuitive 

imaginal scanning 

concrete 

imaginal 

imaginal scanning 
concrete 
highest intuitive 

moderate 

high 


Task Examples 

data gathering and fact finding 
synthesis of requirements 
choosing among alternatives 
assembly of system configuration 
preparation of model data 
planning analyses 
assimilating system performance 
executing analysis programs 
choosing "best" alternatives 
preparing advocacy strategies 
building documentation 
responding to cridcism 


An alternative view considers the preferences people have for assimilating data and making decisions. For exam- 

fno ^ PPr |° X,rnate y ?5 ? ° f the l . general p °P ulat,on P refer t0 stud y data « n quantity before identifying structure and draw- 
mg conclusions or making predicdons.[3] Such people collect data and view the problem from many sides before finding 

structu^ s j ructure and nadire ° f underlying phenomina. Others generalize more readily, hypothesizing 
structure and looking for large scale trends. Further data is then collected to see if they support the generalizations. 8 

.■ *“*“*!) large amo “ nts °f data exists to describe these and other psychological preferences in the general popula- 

has been , c ° Uected on *e special subset made of spacecraft designers and design team members. To the 
contrary, it is easy to find examples of the diverse qualities and habits exhibited in the aerospace design community. 

m i,* a- (eW t - 8Cneral 1 rcquirementS might ■* proposed based upon these considerations. Beyond support for interactive 

S«* d,SC If ina ^ analys,s ’ va ™ us forms of ^ handling, analysis and viewing will be needed. For example, data col- 

JSnlL q “l ne , Sy *‘ ems wdl be needed t0 SfPP 0 " th 0 ^ wh0 find structure in data. Testing of ideas and possibilities 
wiU be required for those who generalize and then verify against the data. Various levels of data aggregation will be 

spacecraft^uccess; 10 " 5 ^ *** COnCrcte of element md com P° nen t analysis to the general questions of overall 
The Design Tool 

, . A 7 / ew " ntral ‘ hemes r are embedded in the implementation of the Design Tool that differentiate it from existing 
tools. These he in the unified formulation of the analytical methods and the structure of the computer program itself 
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The following sections describe the visual presentation of the tool, management of internal data, information analysis 
features, and the modeling methods for structural dynamics, controls, optics, and thermal analysis. 

Visual Presentation 

The multi-faceted nature of system design and the "fire fighting" character of system level trade studies suggest the 
design team can best be supported by environments that provide multiple, parallel access paths to the design tool ele¬ 
ment. For example, model building and analysis should be supported with simultaneous access to a documentation and 
note taking facility. Workstation computer systems with windowed presentation managers provide this capa • > y y 
allowingthe user Jo activate any tool method in a window and directing his attention or focus to the needed window. 
Th e manipulation of the data base by the underlying tools must be coordinated in a consistent, non-disniptive manner. 

A principal tenet of the present effort is that a realistic depiction of the system be available at all times A 3-D 
solids model of the system is K) be shown in a window which has controls for rotating and otherwise manipulating the 
nrec^ntation Results of analysis, trades and configuration changes are to be fed back visually through interactive altera¬ 
tion of the solid model. Selection of components, element groups, and system features should be available by pointing 
into the 3-D display and the selections made available as inputs to other tools in the environment. 

Analytical Methods 

Traditional discipline methods for modeling and analysis can readily be employed in system design if care is taken 
to ca« them into a common framework so that efficient integration can be accomplished In general, system level ana- 
lvseTdo not require in-depth analysis or non-linear methods and models are frequently large collections of simple ele¬ 
ments. This necessitates efficient data storage and careful attention to implementation of numerical algorithms but such 
developments have largely been made within each discipline. 

SDacecraft design requires several analytical methods, most notably structural dynamics and controls, prtarn 
spacecraft require other methods in addition, such as optics for space interferometers or large space telescopes. A com¬ 
mon formulation and notation is required to simplify usage by the multi-disciplinaty design team and is readily achiev¬ 
able for most constituent methods. The following briefly summarizes several examples. 

Structural dynamics are well captured by finite element methods and most spacecraft systems require only simple 
3-D truss and frame analysis. The geometry is defined by nodes which are points in 3-space that might have U P ®? 
translation and three rotational degrees of freedom. The structural members are described by connectivity lists of nodes 
and a property list containing parameters such as thickness and material properties. The structural dynamics equations 
can be stated simply in terms of the system matrices and nodal degrees of freedom as follows. 

[M]* {d} + [£>]*{<*} + [ K]*{d} = {F} 

The vector of forces, {F}, might include external forces acting on the system such as disturbances, vibrations of on- 
board equipment, gravity, and forces caused by a control system. 

Most methods for the modeling of controlled structures are based upon a description of the system to be controlled 
(known as the plant) which utilizes first order ordinary differential equations. The degrees of freedom of the plant are 
collected in a state vector, {x}, and the forces provided by the controller are in (u} so that 

{x} = [A )* {x} + [«]*{«} 

In certain situations, the states themselves may be directly measured, but as is common in controlled structures, the 
sensed variables {y} are not the states but are related to the states by 

{y} = (C]*{*} 

The control law will be implemented in a controller that coexists with the structure, taking measurements {y } and 
computing commands {u}. Typical linear control laws compute controller commands based upon constant gains via 

= {y} 

When the plant is modeled by finite elements, the structural dynamic equations can be cast into the first order form 
used in control analysis by identifying the structural displacements and velocities as the states of the plant 
modal model reduction has been applied, the states are the modal amplitudes and velocities. Let {x} - [d d] . Then 

the structural dynamics equations become 
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With the application of the linear control law, the closed loop equations become 
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Other observations that describe the system performance might be constructed from the states by 

{*} = 

TTiese might include optical beam positions, motions of minor attachment points, or even the spacecraft line of sight 

Optical elements can be used to describe the transfer of light paths through the spacecraft and the image perturbations 
that result from spacecraft dynamic excitation. ** 

Optical elements are described by the coordinates of the intersection point of the nominal ray and a list of optical 

parameters such as principal axis direction, focal length and eccentricity. The input ray describes the deviations in terms 

of an input offset d„ an input orientation «\ and a path length differential dL,. The departing ray is described by the 

offset d direction r, and path length differential dL„. With these degrees of freedom, the element transformation 
matrix [t € ] is 
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The components of this transformation matrix are based upon the physics of beam reflection from a general reflective 

surface. [4] In general, all degrees of freedom between element 0 which might be an input and element n which might be 
an output, can eliminated by the compaction ® 

{ ’ 10 
dc r 

The resulting matrix [r] provides the desired observation matrix [C] that describes the perturbed state of the beam.[5] 

,m.^ 0t i? r ‘? iSCl ?K™ : . that Can rea ^ y , be , included ® common formulation is thermal analysis of the spacecraft 

dCSCn ?f <Lst ?” I0n f 31x1 misalignments caused by temperature changes in structural elements, thermally 
ducal strains can be considered to cause additional loads {F} which deform the structure. To retain a simple, linear 

analysis, dynamics properties and heat transfer properties must be considered to be independent of temperature an 

assumption that is reasonably valid for small temperature excursions. In this case, the degrees of freedom are nodal tem¬ 
peratures T and the heat conduction equations are 

[CJ* {T} + fAT] * {r} = {g} 

"5? t [C1 "* heat capacities, [K] are conductivity coefficients and {Q} are the externally imposed heat loads. With the 
nodal temperatures, the thermal structural loads can be computed from 

{F} = [o4£]{T} 

where a is the coefficient of thermal expansion, A is the element area, and £ is the element modulus.[6] 

m , c* , Ex “ ns, ° ns “ > . in< ;! u J e r * di3tive transport mechanisms, as is required for the direct calculation of the heat load {0} 
must be developed m light of the non-linear nature of the radiation effects.[7] When this problem is combined with the 
structure heat conduction problem, the coupled problem is non-linear since the energies are proportional to T* Since 

;ir? VCS ?!• abS0 Ut£ temperature '. one P° ssib,e approximation is to factor T 3 into the heat transfer coefficient and 
restrict the relative temperature variations to ranges that produce error comparable to other sources. Furthermore the 

calculation of the required view factors involves extensive calculations in 3-D geometry and may not be cost effective in 
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trades involving radical changes in system configuration. These linearizations and approximations are appropriate for 
preliminary design analyses and have been used in the past 

Data Analysis and Synthesis 

The ability to collect, organize and evaluate data efficiently is critical to the synthesis of ideas and their evaluation. 
For example, the structural performance of the candidate spacecraft must be catalogued and evaluations summarized suc¬ 
cinctly in order to comprehend trends versus design variables, to capture phenomina related to resource allocation and 
expenditure trades between subsystems and to create audit trails supporting choices and decisions. Analysis of meaning¬ 
ful models in the necessary miriad of cases can generate data in several forms and large volumes. Not only must tradi¬ 
tional data management techniques be integrated into the analytical environment but implementations of new juxtaposi¬ 
tions of technologies must be evaluated. 

Analysis of data bases formed from regular tables of case data can be supported with structured query language 
(SQL) investigations of relational data bases.[8] A typical area might be to collect in a table the maximum stress in 
structural members for various cases and geometric data such as element locations in another table. Requests such as 

select member#, maxstress 

from stresstable, locations 

where maxstress > somelimit 

and is_in_rt_boom (location) « TRUE 

will generate the requested lists. 

Use of such data bases requires that analysis data be cast into* relational tables of "tuples”, eg. {member#, case#, 
maxstress). Constructing such tables can be difficult in system trades when differing configurations lead to different 
types of structural elements or non-equivalent cases. A more generalized data structure and inquiry process is required to 
support the investigation and exploratory evaluations that accompany system synthesis. 

Hierarchical and object oriented data bases allow a general knowledge data base to be constructed by tagging 
objects with properties and relationships. For example, truss elements might have a structure such as 

name truss element 

id number 1012 

mail id 3 

connectionA 22 

connectionB 103 

maxstress 1324.5 

Then structural assemblies can be viewed as objects with properties, one of which is a list of elements. 

name left boom 

element list {..., 1012, ...} 

instrument list (...) 

Inquiries similar to the SQL example can be answered by searching the object data base for objects with property values 
that satisfy the conditions in the clause. 

The data associated with a design problem can be stored in a base and viewed as required as a relational data base 
and queried via SQL or as an object data base and queried based upon descriptive properties.[8] This data can also be 
viewed in other forms, such as logic or production rules and queried in Prolog-like languages. The implementation of 
such a versatile data manipulation and analysis facility would probably store data in an efficient internal representation 
but provide each of the several (SQL, object, rules, ...) views at the user's discretion. 

Data Storage 

While the most common data type in traditional spacecraft analysis is the numeric array, a more general structure 
can facilitate tagging, tracking, documenting and auditing of analyses. For example, a mixed type record could store 
case results: 


casejtame "vertical pitch maneuver* 

configuration " pre-deployment" 

pitch_rate 32.5 

casejd 13 

maxstressjist {..., .... ...} 

A generalization of this is contained in the object oriented approach to data representation. While current object 
oriented programming practice includes many features such as encapsulation, object specific methods, it may suffice to 
simply support user defined mixed type records and methods to associate such records into hierarchical sets. 

For spacecraft design, considerable attention to efficient handling of numeric data will be required. For the most 
part, internal representations of arrays can be hidden from the user as can the type casting issues associated with mixed 
mode arithmetic. Implementation of sparse arrays, possibly in several formats, is a necessity. Structural dynamics, heat 
conduction, and certain control algorithms utilize sparsely populated arrays and prior experience in structural dynamics 
suggest a large payoff here. Certain linear algebra routines and standard analysis practices destroy the sparse matrix pro¬ 
perty but some work arounds are possible. For example, in control system design, eigen analysis typically results in the 
calculation of all system eigenvectors. If standard practices of structural dynamics can be adapted, only a few eigenvec¬ 
tors in the band of interest could be calculated, saving calculation time and storage. 

Thus, the data manager must support efficient storage for named objects with a general structure. Functions for 
creation, deletion and copying must be provided, as well as merging, partitioning and structured assembly. Arithmetic 
operations must be supplied for the base numeric types and a facility for user defined operations on general types will be 
required. Advanced systems must address archiving, backup, persistence across interrupted sessions and auditing. 

Summary 

The Design Tool will support spacecraft design teams with an integrated set of analytical tools, a versatile data 
manager, full-time 3-D solid model views, and a multiple thread presentation manager. Tasks with a range of complex¬ 
ity from data input to analysis to system synthesis are supported through a general data manager and query system. The 
requirements for the Design Tool have been developed and an initial implementation begun although the completion of 
the first prototype has been delayed due to funding limitations. 
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INTRODUCTION 

The author has developed several general purpose optimization programs over the past twenty years. The 
earlier programs were developed as research codes and served that purpose reasonably well. However, in 
taking the formal step from research to industrial application programs, several important lessons have been 
learned. Among these are the importance of clear documentation, immediate user support, and consistent 
maintenance. Most important, has been the issue of providing software that gives a good, or at least 
acceptable, design at minimum computational cost. Here, the basic issues developing opdmizadon 
software for industrial applications are outlined and issues of convergence rate, reliability and relative 
minim a are discussed. Considerable feedback has been received from users, and new software is being 
developed to respond to identified needs. The basic capabilities of this software are outlined. A major 
motivation for the development of commercial grade software is ease of use and flexibility, and these issues 
arc discussed with reference to general multidisciplinary applications. It is concluded that design produc¬ 
tivity can be significandy enhanced by the more widespread use of optimization as an everyday design tool. 

The CONMIN program (1) was written in 1972 as a general purpose optimization code, and it is still widely 
used. This code is based on the Method of Feasible Directions and was documented via a NAS A Technical 

Memorandum. It was developed as a research program at NASA Ames Research Center. While numerous 

enhancements were made over the years, there was no formal maintenance or upgrade mechanism. 
Consequendy, the user does not even know what version of the program he may be using. In 1984, the 
ADS program (2) was released. This code was also developed in a research environment under the 
sponsorship of NASA Langley Research Center. ADS contains numerous Strategy, Optimizer and One¬ 
dimensional Search options for a total of about 100 different overall algorithms possible. A private User’s 
Group was created to maintain and enhance the program, and this existed until 1988. ADS proved to be a 
very useful academic aid since students could experiment with a wide variety of methods. However, this 
generality, as well as the fact that many of the algorithms contained in ADS are inefficient or otherwise 
obsolete, made the program less attractive to the industrial user who wishes to have a simple and reliable 
interface. Thus, the wide range of capabilities of ADS were, in many ways, a detriment to efficient use of 
the pmgr am Also, it was supported only on a part time consulting basis. 
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Recognizing the need for a simple interface with optimization, in 1976 the COPES/CONMIN driver 
program was created. This main program made it much simpler to interface the user’s analysis program 
with CONMIN, since he no longer had to provide a main program to create the optimization tack- i n sta ndard 
form. The design variables, objective and constraint functions were identified via input data. Also, COPES 
provided additional features for parametric studies and optimization using approximations. This last 
feature allows the user to perform optimization based on experimental data. This code was developed as 
a research program and was not formally documented until it was converted to work with ADS in 1984 (3). 

In 1986, the DOT optimization program was released as a commercially supported general purpose code 
(4). Development of this program was heavily influenced by experience gained with CONMIN and ADS. 
Version 1 contained only one optimization algorithm, the Modified Method of Feasible Directions (5), and 
was small enough to be used on a personal computer (this version was called Micro-DOT). DOT is written 
in FORTRAN 77, and is more formally documented and supported. COPES was modified to become 
COPES/DOT. Version 2 of DOT contains a second optimization algorithm, Sequential Linear Program¬ 
ming. It is noteworthy that the algorithms contained in DOT are not considered to be "robust" by the 
theoreticians in optimization, who today prefer the Sequential Quadratic Programming algorithm. How¬ 
ever, these algorithms are used because they retain an acceptable level of efficiency and reliability over a 
wide spectrum of applications. This is a key issue in development of software for widespread commercial 
use, where we must choose between what is best in theory and what is best in practice. 


USER ISSUES 

Today, most optimization applications in industry are still in the research departments, where the users are 
reasonably expert in the underlying theory. However, there has been a consistent (long overdue) trend to 
move this technology from the research to the production environment. This is more pronounced in Asia, 
where the distinction between research and applications engineers is not usually clear and there is a greater 
interest in new technology which will improve product quality, even when that technology cannot be shown 
in advance to generate a short term profit 

Based on experience with this growing group of users, several key issues can be identified which are 

important to the industry user. These issues (this is not a conclusive list, but is representative) can generally 
be ranked as follows: 

1. Immediate and competent response to technical problems must be provided. This includes com¬ 
petence in general engineering design, since a critical issue is often problem formulation techniques. 

2. Ease of use by practitioners who have little or no background in optimization theory is essential. 

3. The software must reliably achieve a reasonable design improvement. A precise optimum is recog¬ 
nized as being of little value since the design will change anyway. 

4. The software must be efficient in terms of the number of analyses needed to reach the optimum. 
Gradient information will almost never be provided analytically, but will instead be calculated by finite 
difference (this must be available as part of the optimization software). 

5. Clear and concise documentation must be available. 
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6. Continual maintenance and enhancements must be assured. 


7. Source code must be available (even though nobody reads or changes it) 

8. The software must be available at reasonable cost on a large variety of computers. 

These issues are much as would be expected, although their order may be subject to debate. Most 
importantly, few users of optimization who are applying it to real design tasks have much interest in what 
algorithm is contained in the program. They only care that it works! Also, while researchers worry about 
relative mi nima , practitioners usually recognize this as a fact of life which exists whether or not optimiza¬ 
tion is used. While they would like to have software that finds the absolute minimum, they quickly 
understand the futility of this and are willing to run the optimization from several reasonable starting points 
in search of the best solution. Finally, engineering design is a study in exceptions, rather than rules. 
Optimization software must be flexible enough to accommodate this fact. 

THE DQC PROGRAM 

In response to input from the user community, as well as the fact that the COPES program was developed 
as a research tool without a consistent format, a new interface program called DOC (Design Optimization 
Control program) is being developed in order to enhance the usefulness of optimization. While DOC uses 
the same philosophy as COPES, where the problem is defined via user input, the form of the input has 
changed from a formatted type to a more readable mnemonics interface. DOC includes the capabilities of 
general optimization, parametric studies and optimization using approximations, but is formally docu¬ 
mented and supported. Also, new capabilities are included and others can more easily be added in the 
future. Three key capabilities that have repeatedly been identified by the users as desirable are multiobjec¬ 
tive optimization, synthetic functions, and optimization with discrete variables. Because these topics are 
still active research areas, there is little consensus as to which approach is best. Therefore, this decision is 
based on experience with various methods and the necessary reliability of the final code. 

Multiobiective Optimization 

The usual comment made when first considering the use of optimization is that most design tasks are 
represented by multiple objective functions. This may include weight and cost minimization, range and 
performance maximization and a host of others. While it may be argued that this is a naive approach to 
optimization, since such a problem statement will have no unique solution, it is nonetheless a real concern 
which must be addressed. 

Numerous methods have been proposed for multiobjective optimization, but the most acceptable appears 
to be compromise programming (6), where the single objective presented to the optimizer is defined as; 
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where Rj is the jth objective function, Rj is the jth "target" objective value and Rj* 0 ” 1 is the worst known 
value of the jth objective function. The parameter, wj, is a weighting factor defining the relative importance 
of this objective. It is common to perform a single objective optimization to determine the target value. 


187 


Rj. This provides a good baseline design which identifies the best that can be achieved for this objective 

without regard for the others. The value of Rj WOrst is usually chosen as the best known value of this objective 
prior to optimization. 

Synthetic Functions 

It is common that the user wishes to optimize or constrain a function which is not directly supplied by the 
analysis program. Or he may wish to use parameters as design variables that are not normally input to the 
analysis. For example, he may require that the sum of two responses be less than the value of a third 
response, or he may wish to treat physical dimensions of a frame structure as design variables, although 
the input to the analysis is section properties, which are functions of these variables. In many cases, he can 
simply modify the analysis program to provide this information in the appropriate format, but often he is 
not able to change the analysis program or wishes to experiment with new ideas before making changes. 
The solution then is to provide the capability to use "synthetic" functions for optimization (7). Typically, 
the user might input (as data) an equation in a form similar to a FORTRAN FUNCTION statement. 

For example, if it is desired to treat the width, B, and height, H, of a rectangular beam as design variables, 
but the analysis program input is the section properties, this can be accomodated using synthetic definitions 
of the properties. Thus, the area moment of inertia would be defined as 

l(B,H) - B*H**3/12.0 

A stress recovery location at the comer of the section may be defined as 
R(B,H) - 0.5*SQRT(B**2+H**2) 

Similarly, the allowable buckling stress in a rod may be defined as 

“40*A*E 
Ob =- 5 - 

L 2 

Since this must be less than the actual stress, the synthetic equation would be 
G(A,E,L,SIG) - (-40.0*A*E/L - SIG)/10000.0 

where 10000.0 is a normalization factor and SIG is the calculated stress. Now this equation is identified 
as a constraint to be non-positive in the optimization process. 

By providing this capability, the user has a great deal of flexibility in defining the optimization task and 
experimenting with various concepts, without making them a permanent part of his analysis program. 

Discrete Variables 

Discrete variable optimization is still an active research area, particularly as it applies to nonlinear 
optimization in engineering. However, it is an important issue in such applications as composite structure 
design and where parts must be selected from a set of available components (such as steel structure 
sections). 
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Perhaps the most common approach to discrete variable optimization is the branch and bound method (8). 
Here, a single variable is held at a discrete value and optimization is performed as a continuous problem 
with respect to all other variables. This variable is then increased to it’s next discrete value and the 
optimization is repeated with respect to the other variables. If the optimum is greater than before, this 
"branch" is cut off and the variable is set to it’s next lower value and the process is repeated. If an 
improvement is found, the search is continued in this direction until no improvement can be found. Then 
this variable is held fixed and the process is repeated for the next discrete variable, until all discrete variables 
have been examined. One disadvantage to this approach is that a multitude of nonlinear optimization tasks 
must be performed, which is a very expensive process. More importantly, this method was developed for 
linear problems, but has been applied to nonlinear problems. However, a basic assumption of the method 
has been ignored in making this step. This is that the problem must be separable, a condition that is seldom 
true for nonlinear engineering design. The result is that the true discrete optimum can seldom be achieved, 
even for the most simple cases. 

An alternative approach is to first create a separable approximation to the real problem and then solve this 
as a discrete variable problem using duality theory (9). This has the advantage that is quite efficient, but 
retains the disadvantage of ignoring coupling among the design variables. Again, a true optimum cannot 
be guaranteed. However, this method appears to be reasonable for applications such as structural design, 
where a high quality separable approximation can be created. 

The best compromise for general applications is to first solve the problem as a continuous variable task. 
This provides a lower bound on the discrete solution. Now the problem is linearized and solved as a 
discrete variable problem. One approach to this is to solve the linearized problem using discrete variable 
linear programming with branch and bound methods (10). This has been found to be efficient, but to 
oscillate about the optimum, due to coupling among the variables. An alternative is to use "convex" 
(combined direct and reciprocal) approximations (9) and duality theory to obtain the final discrete solution. 
This can also create oscillations about the optimum that must be detected, but it provides the necessary 
efficiency and provides a near optimum design, especially if the discrete values are closely spaced. The 
net effect is that a discrete variable optimization capability can be provided in a general purpose 
optimization code, but that the user must be aware of it’s limitations. 

SUMMARY, 

As anyone who has worked in optimization theory and applications will attest, it is desirable to have a 
fundamental understanding of the process in order to achieve reliable results. In special cases, such as 
structural optimization, we have sufficient knowledge and experience to create highly efficient design 
programs. However, the vast majority of potential applications are in areas where we know little about the 
mathematical structure of the problem, but recognize that optimization has a great deal to offer. In these 
cases, the key issue is our ability to provide software that efficiently gives some design improvement. 

The step from research and academic use of optimization to industrial use as a design tool is a major one. 
The practitioner has little interest in the actual algorithm used, but is very knowledgeable about the 
practicalities of design. In the quest to make optimization an everyday design tool, the concerns of the user 
cannot be ignored. Many of these concerns are related to ease of use, documentation and support. 
However, a more fundamental issue is that of providing methods and software that are responsive to the 
real and perceived needs of the design engineer. This is the fundamental challenge in moving optimization 
from the research environment to the design engineer’s desk. 
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timization problem and trajectory simulation. Only the 
driver is modified and recompiled; the optimizer and sim¬ 
ulator are maintained in object libraries and linked with 
the driver to create an executable program. 

User-modified input files can be used to initialize spe¬ 
cific problems once a new application has been designed 
and compiled. For example, a basic multi-stage vehicle 
may be defined within the system level driver, with ac¬ 
tual weights and propulsion characteristics being read in 
from an input file at run time. In addition, definition of 
the optimization problem can be set up in such a way as 
to allow an input file to be used to choose the variables, 
constraints, and objective function for a given problem. 
Thus, if a new application is designed with care, an en¬ 
tire range of problems may be solved without the need to 
recompile any code. 

The bulk of the code for TROJID is written in standard 
FORTRAN 77. In addition to the FORTRAN, a few 
routines used for the DOS run-time screen interface are 
written in C. Since all but the screen driver routines are 
written in FORTRAN, TROJID can be hosted readily on 
any machine with a FORTRAN compiler, although this 
would imply either running in a purely batch mode with 
no user feedback during execution, or writing a screen 
interface for the new environment. In either case, the 
main elements of TROJID would carry over directly. 

The Optimization Algorithm 

The optimization algorithm utilized in TROJID is 
NLP2, a projected gradient algorithm developed at The 
Aerospace Corporation. The purpose of the algorithm is 
to find the vector x which minimizes the objective func¬ 
tion 

/to 

subject to the equality constraints 

d(x) = 0 

for i = I,..., m e and the inequality constraints 

c ; (x) > 0 

for j = (m e + 1(m e 4* m*) where the total number 
of constraints is m = m e + mj. The program has options 
to use a quasi-Newton method with recursive Hessian up¬ 
dates or a Newton method with finite difference Hessians. 

The algorithm begins with a constraint satisfaction 
phase to find an initial feasible point. Once a feasible 
point is found, the algorithm switches to solving a se¬ 
ries of equality-constrained optimization problems. The 
optimization problems are solved by using an orthogonal 
decomposition of the variable space, followed by a sepa¬ 
ration of the variables into two sets, one of which is used 
for eliminating the active constraints, the other of which 


is used to minimize the objective function restricted to 
the active constraint surface. If a previously satisfied in¬ 
equality constraint is reached, the minimization process is 
terminated and restarted with the new constraint added 
to the active set. When the minimum is readied for an 
equality constrained subproblem, the Lagrange multipli¬ 
ers are examined to determine whether any of the cur¬ 
rently active inequality constraints can be released from 
the basis. Once a subproblem is solved and no inequality 
constraints are added to or deleted from the basis, the 
algorithm terminates at a local solution. 

After a solution has been reached, a postoptimality 
analysis operator is called 5 * 6 . This operator serves several 
purposes. First, projected gradient, Hessian, and eigen¬ 
value data can be calculated in both scaled and unsealed 
quantities in order to help determine how well NLP2 has 
converged. Second, Jacobian and Hessian conditioning 
can be calculated in both scaled and unsealed quantities 
in order to assist in choosing good scale factors for the 
problem. These scale factors can be used to improve al¬ 
gorithm performance on other similar problems. Third, 
sensitivity data can be calculated in order to provide in¬ 
formation on partial derivatives at the solution. This 
information includes partial derivatives of the objective 
function with respect to changes in constraint values, par¬ 
tial derivatives of the variables with respect to changes in 
the constraints to maintain feasibility, and second par¬ 
tial derivatives of the objective function with respect to 
changes in the variables while maintaining feasibility. 

The Trajectory Simulator 

The trajectory simulator in TROJID is designed to 
propagate a multi-burn exoatmospheric trajectory begin¬ 
ning with an initial state vector and utilizing a set of 
coasts and instantaneous velocity impulses (delta-v’s), as 
shown in Figure 2. The simulator is used as the function 
generator, and any real parameter defining the trajectory 
can be used as an independent variable in the optimiza¬ 
tion problem. Typically, parameters such as coast du¬ 
rations, delta-v magnitudes, and delta-v pointing angles 
are used as variables. Other variables could include vehi¬ 
cle initialization time, initial orbital elements, and vehicle 
mass and propulsion characteristics. 

The initial state vector can be input either as position 
and velocity relative to the earth or via orbital elements in 
inertial space. In either case, the first step in the simula¬ 
tor is to translate the state vector into cartesian position 
and velocity vectors, R and 1?, within an earth-centered 
inertial (ECI) reference frame. If desired, a time initial¬ 
ization model may be called in order to align the Green¬ 
wich meridian for an input time epoch. The initial ECI 
state vector is saved before proceeding with the trajectory 
propagation. 
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After state initialization, the simulator begins execut¬ 
ing n coast-burn pairs, where n is the number of burns 
being utilized in the simulation. ECI state vectors are 
saved twice for each burn, once after the coast but before 
the bum, and once after the burn. In this way, when the 
trajectory simulation is completed, 2n -f 1 state vectors 
have been saved, containing all the relevant information 
about the trajectory. 



Figure 2 Trajectory Simulation Flow 

After completion of the trajectory propagation, the 
state vector arrays are passed back to the driver inter¬ 
face, where the objective function and constraints are 
evaluated. If orbital elements are needed for any point 
in the trajectory, whether at an intermediate point or 
at the final point, a call to the orbital state calculation 
routine will translate the ECI state vector into orbital 
elements corresponding to the desired point in the tra¬ 
jectory. Thus, orbital elements are calculated only when 
the values are needed by the optimization routines. Typ¬ 
ically, constraints are specified to define the final orbit, 
so orbital elements are calculated for the final state vec¬ 
tor. The constraints and objective function may be any 
smooth, continuous functions dependent upon the inde¬ 
pendent variables. Constraints may be specified as equal¬ 
ities, inequalities, or a combination of the two, and the 
objective function may be maximized or minimized. 

Use of an analytic state vector propagation routine 7 al¬ 
lows the function generator to simulate a trajectory with¬ 
out the expense of integrating the equations of motion. 
The analytic propagation routine assumes gravitational 
acceleration including the J 2 zonal harmonic (i.e,, oblate 
earth), and is capable of propagating a coast in an ellip¬ 


tical or hyperbolic earth orbit. The length of the coast 
phase typically is input in degrees (argument of the vehi¬ 
cle), although coast duration in seconds also may be used. 
The J 2 propagation routine is based upon a perturbation 
expansion of the oblate earth coast, accounting for both 
short period and secular variations in the orbit. This rou¬ 
tine has been in use within GTS for the past several years 
and has proven to be quite accurate for coasts in earth 
orbit of up to a few days. 

The Driver 

The system level driver defines the optimization prob¬ 
lem, defines the trajectory to be simulated, and oversees 
communication among the optimizer, the simulator, and 
the user. Initialization of the optimization problem in¬ 
cludes defining the algorithm control parameters; objec¬ 
tive function, independent variable, and constraint scale 
weights; independent variable upper and lower bounds; 
and initial values for the independent variables. Initial¬ 
ization of the trajectory simulator includes defining the 
number of coast-burn pairs, the magnitudes of the delta-v 
impulses, the initial state vector for the vehicle, and the 
burn attitudes for the impulsive delta-v’s. Burn attitudes 
may be defined within either an inertial velocity reference 
frame (VIECI) or an inertial velocity local horizontal ref¬ 
erence frame (VIH), and attitudes may be specified using 
either spherical or cartesian coordinates within the ref¬ 
erence frame. When the trajectory to be simulated is 
defined, any parameters to be used as independent vari¬ 
ables for the optimization problem are assigned values 
from the independent variable array; therefore, it is pos¬ 
sible to choose any input parameter as a design variable 
for optimization. 

If an actual upper-stage vehicle is being simulated, sub¬ 
routines required to define the trajectory sequence for 
the vehicle are included in the driver portion of the pro¬ 
gram, tailoring the driver for a specific application. For 
example, user subroutines can be included to calculate 
the delta-v magnitude for a given vehicle weight, propel¬ 
lant load, and propellant I S p- This delta-v then can be 
used by the trajectory simulator in its definition of the 
trajectory. 

During execution, after initializing the optimization 
and simulation portions of the program, the driver begins 
by calling the NLP algorithm. A reverse communication 
technique is used, whereby the NLP algorithm never calls 
the function evaluator directly. As execution continues, 
whenever the NLP algorithm requires either a function 
or gradient computation, control is returned to the driver 
and the current values for the independent variables are 
passed in the argument list. The driver then oversees 
calling of the function generator (i.e., trajectory simula¬ 
tor) or the gradient evaluation routines, and returns the 
requested data to the NLP algorithm. 





The gradient routine* used in TROJID calculates two- 
sided partial derivatives of the constraints and objective 
function with respect to the independent variables. The 
routine begins by using user-supplied perturbation sizes 
for computing the finite-difference derivatives. Error con¬ 
trol techniques then are applied to vary the perturbation 
sizes in order to achieve accurate derivatives. The user 
has the option to turn off error control, holding pertur¬ 
bation sizes constant throughout execution. 

Along with controlling the function generator and gra¬ 
dient routines, the driver also determines what informar 
tion should be written to the user screen and calls the 
video screen interface routines to fulfill this task. The 
video screen interface manages updates to the user screen, 
providing current data on independent variable, con¬ 
straint, and objective function values. The interface also 
tells the user how many function evaluations have been 
performed, what iteration number is being performed in 
the search or optimization portions of NLP2, when the 
post optimality operator is entered, and when a new Jaco¬ 
bian is being calculated. This information helps the user 
determine how well the problem is running and whether 
it should be interrupted and restarted with some sort of 
modification. 


Sample Problems 

Several sample problems will be presented in order 
to show a few of the capabilities available within TRO¬ 
JID. The first problem deals with a generic, two-burn 
orbit transfer in which the variables are coast durations, 
delta-v magnitudes, and burn attitudes for the two burns. 
The objective function to be minimized is the sum of the 
two delta-v’s. The second problem deals with a generic 
upper-stage vehicle utilizing two solid rocket motors. The 
objective function to be maximized is the weight of the 
payload injected into a near geosynchronous mission or¬ 
bit. 


Generic Two-Burn Transfer 


Problem 1 is a generic two-burn orbit transfer problem. 
The objective is to minimize the sum of the two delta-v’s 
required to complete a transfer from an initial orbit to 
a final orbit. The initial and final orbital elements are 
defined as 


Parameter 
apogee altitude 
perigee altitude 
argument of perigee 
inclination 
ascending node 


Initial Orbit 
160 nm 
160 nm 
undefined 
28.5° 
180° 


Final Orbit 
25000 nm 
300 nm 
90° 

67.5° 

unconstrained 


The vehicle is initialized at the ascending node. All or¬ 
bital elements are osculating quantities. The date is ini¬ 
tialized as 21 March 1989. 


The variables 

for the problem are 

cst 1 

coast to first burn (deg) 

AVi 

first impulsive delta-v (fps) 

0i 

yaw angle for AVi (deg) 

01 

pitch angle for AVi (deg) 

CSt2 

coast to second burn (deg) 

av 2 

second impulsive delta-v (fps) 

02 

yaw angle for AV 2 (deg) 

02 

pitch angle for AVo (deg) 

The constraints 

for the problem are the four orbital pa- 


rameters defining the final orbit. The objective function 
is / = (AVi 4- AV 2 ). The initial guess and solution for 
this problem are 


Variable 

Initial Value 

Optimal Value 

csti 

90° 

94.74970° 

AVi 

8000 fps 

6695.006 fps 

01 

0° 

2.870789° 

Ox 

0° 

1.092968° 

CSto 

90° 

128.0318° 

N 

> 

<1 

8000 fps 

10767.17 fps 

02 

0 

0 

90.12544° 

O'i 

0° 

27.69700° 


The optimal objective function value is 17462.17 fps. The 
problem was solved in 400 function evaluations and took 
approximately 48 seconds on a 16 Mhz 80386-based ma¬ 
chine with an 80387 numeric coprocessor. Partial deriva¬ 
tives of the optimal objective function with respect to 
changes in the constraint values are listed in Table 1 along 
with second partials of the optimal objective function 
with respect to changes in the variables while feasibility is 
maintained. A **’ is used to denote the optimal function 
value. All partials are computed by the postoptimality 
operator. 

Table 1 Sensitivity Results 


Parameter <9(AVi 4- AV?)*/^-) 


Final Apogee Altitude 

0.758616e-2 fps/nm 

Final Perigee Altitude 

-1.37754 fps/nm 

Final Argument of Perigee 

125.466 fps/deg 

Final Inclination 

229.207 fps/deg 


<9 2 (AVi 4 - AV 2 )*/3( ) 

csti 

2.05364 fps/deg 

AVi 

0.274743e-l fps/fps 

01 

1.67737 fps/deg 

0i 

1.34328 fps/deg 

csU 

m 

2.54722 fps/deg 

av 3 

0.274743e-l fps/fps 

i'i 

27.1601 fps/deg 

02 

16.4011 fps/deg 


The most sensitive variable is 0o, and the least sensitive 
variables are AVj and AVV 
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4 


The date 21 March was chosen in order to demonstrate 
the time and sun model capabilities within TROJID. De¬ 
fine the beta angle for an impulsive delta-v to be the angle 
between the impulsive delta-v vector and the vector from 
the vehicle to the sun, as shown in Figure 3. A beta angle 
of 0 ° implies that the vehicle is pointing directly at the 
sun during a burn, and a beta angle of 180° implies that 
the vehicle is pointing directly away from the sun during 
a burn. 

AV 

y 

*sun Vector 




Figure 3 Vehicle-Sun Beta Angle 

In the optimal transfer from the example problem 
above, the beta angles for the first and second burns are 
4.9° and 64.1°, respectively. Consider adding a new con¬ 
straint such that the vehicle is not allowed to point to 
within 20° of the sun. A new inequality constraint must 
be added to the problem, requiring that 

0i - 20 > 0 

The solution to this new problem is 


Variable 

Optimal Value 

csti 

101.1227° 

AVj 

7468.183 fps 

0 i 

18.14728° 


4.266036° 

CSt2 

126.7134° 

av 2 

10173.47 fps 


93.88661° 


25.81913° 


The optimal objective function for this new problem is 
17641.65 fps, 0\ = 20.0°, and 02 — 69.0°. The increase 
in the value of 0\ was accomplished through delaying the 
first burn by about 6.4° of coast arc and increasing the 
yaw angle for the first burn by about 15.3°. This led to 
an increase in total delta-v of 179.48 fps. The partial 
derivative of the minimum total delta-v with respect to 
changes in the value of 0\ is df*/80\ = 24.8506 fps/deg 
at the solution to the new problem. 


Generic Upper-Stage Transfer 

Problem 2 is a generic, upper-stage orbit transfer op¬ 
timization problem. The objective is to maximize the 
payload weight injected into the final mission orbit. The 
upper-stage vehicle consists of two solid rocket motors, 
SRM 1 and SRM 2 , and a reaction control system (RCS). 
An RCS trim burn follows each solid rocket motor burn. 
A propellant margin is set aside in the RCS to account 
for dispersions. A four-burn simulation is used for the 
two solid rocket motor and two RCS burns. The first and 
third burns are the solid rocket motors, with burn atti¬ 
tudes defined in spherical coordinates, while the second 
and fourth burns are the RCS trim burns, with burn atti¬ 
tudes defined in cartesian coordinates. Some propulsion 
and weight data are listed in Table 2. 


Table 2 Upper-Stage Vehicle Data 


SRM1 Propellant Weight 20800 lb 
SRM 1 Isp 300 sec 

Stage 1 Inert Weight 2500 lb 

SRM2 Propellant Weight 6300 lb 
SRM2 Isp 300 sec 

Stage 2 Inert Weight 2000 lb 


The initial and final orbital elements are defined as 


Parameter 
apogee altitude 
perigee altitude 
argument of perigee 
inclination 


Initial Orbit 
170 nm 
160 nm 
0 ° 

28.5° 


Ein&LQihii 

19493 nm 
19153 nm 
unconstrained 
0.5° 


The vehicle is initialized at the ascending node. All or¬ 
bital elements are osculating quantities. 

The variables for the problem are 


CSti 

coast to first SRM burn (deg) 

01 

yaw angle for AVj (deg) 


pitch angle for AVj (deg) 

cst 3 

coast to second SRM burn (deg) 

^3 

yaw angle for AV 3 (deg) 

#3 

pitch angle for AV 3 (deg) 

AV Sll 

x component of AV 2 (fps) 

AV 2 ,2 

y component of AV 2 (fps) 

av 4 ,, 

x component of AV 4 (fps) 

AV 4 ,2 

y component of AV 4 (fps) 

pi 

payload weight (lb) 


The constraints are the three final orbital elements and 
two constraints that specify the weight of propellant used 
for the two RCS trim burns to be 55 lb and 65 lb, respec* 
tively. The objective function is the payload weight. 
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The initial guess and solution for this problem are 


Variable 

Initial Value 

Optimal Value 

csti 

0° 

-0.3827614° 


2° 

3.457852° 


0° 

-0.1289974e-l° 

CSt2 

150° 

147.1143° 

t/>3 

-50° 

-51.21512° 

03 

0° 

0.1007870° 

av 2i1 

20 fps 

21.61897 fps 

av 2i2 

0 fps 

0.9339027 fps 

AV 4 ,! 

50 fps 

50.60754 fps 

av 4 , 2 

-20 fps 

-22.71261 fps 

pi 

5400 lb 

5456.795 lb 


The optimal objective function value is 5456-/95 lb. The 
problem was solved in 735 function evaluations and took 
approximately 121 seconds on a 16 Mhz 80386-based ma¬ 
chine with an 80387 numeric coprocessor. Some charac¬ 
teristics of the optimal trajectory design are 



Figure 4 Hohmann Transfer with Plane Change 

An alternative problem could be to optimally size the 
vehicle solid rocket motors in order to minimize total ve¬ 
hicle weight. This problem was run with a constant pay- 
load weight of 5400 lb. The optimal motor weights are 
20675.84 lb for SRxMl and 6062.297 lb for SRM2. The tra¬ 
jectory produced with these optimal motors is a Hohmann 
transfer with final orbit injection occurring at apogee. 


SRM1 Delta-v Magnitude 
SRM2 Delta-v Magnitude 
Transfer Orbit Apogee Altitude 
Transfer Orbit Perigee Altitude 
Transfer Orbit Argument of Perigee 
True Anomaly at Final Orbit Injection 


7938.230 fps 
5868.143 fps 
19325.42 nm 
160.8560 nm 
359.7322° 
291.9432° 


Sensitivity results for this problem are listed in Table 3. 


Table 3 Sensitivity Results 


Parameter 

SRM1 Propellant Weight 
SRM2 Propellant Weight 
Final Orbit Inclination 
Final Orbit Apogee 
Final Orbit Perigee 
Trim Burn 1 
Trim Burn 2 


Ml 

•) 

0.4682 lb/lb 
-0.1337 lb/lb 
48.5807 lb/deg 
-0.678607 Ib/nm 
-0.686725 Ib/nm 
1.08061 Ib/lb 
0.578696 Ib/lb 


Future Work 

In its current state, TROJID has proven useful for 
solving both generic, multi-burn orbit transfer problems 
and vehicle-specific orbit transfer problems. In the near 
future, the ability to integrate constant thrust and I S p 
burns will be added, allowing a higher degree of fidelity 
when specific vehicles with known motor characteristics 
are simulated. Since the burns currently are being mod¬ 
eled with an instantaneous delta-v impulse, integration of 
the burns will increase the amount of computation time 
required for each function evaluation (trajectory simula¬ 
tion), although this increased computation time should 
not be excessive for burn times of relatively short dura¬ 
tion (on the order of hundreds of seconds). A natural 
use for this added capability will be first to optimize an 
impulsive burn problem; then, using this approximate so¬ 
lution as an initial guess, to reoptimize using integrated 


Note that due to the fixed motor sizes of this vehicle, 
the optimal transfer is not simply a Hohmann transfer 
with plane change in which injection into the final orbit 
occurs at apogee (see Figure 4); thus, this is not a prob¬ 
lem for which a simple analytically derived solution exists. 
As can be seen from the partial derivatives, the first mo¬ 
tor is undersized and the second motor is oversized for 
this orbit transfer. Transfer orbit apogee altitude at in¬ 
jection into the transfer orbit is 19325.42 nm, well short 
of the required final apogee altitude of 19493 nm. If the 
transfer were reoptimized with final orbit injection con¬ 
strained to occur at perigee, the optimal payload value 
would drop to 5452.624 lb, a 4.171 lb loss. If the transfer 
were reoptimized with final orbit injection constrained to 
occur at apogee, the optimal payload value would drop 
to 5420.913 lb, a 35.882 lb loss. 


burns. 

Conclusion 

This paper has described TROJID, a trajectory opti¬ 
mization package capable of producing optimal trajectory 
designs for multi-burn, upper-stage orbit transfers. The 
package utilizes a state-of-the-art nonlinear programming 
algorithm along with a trajectory simulator capable of 
simulating impulsive delta-v trajectories with an analytic 
coast phase propagator incorporating the Jo zonal har¬ 
monic. The package has been demonstrated to solve both 
generic, multi-bum orbit transfer trajectory optimization 
problems and upper-stage trajectory optimization prob¬ 
lems in which a specific upper-stage vehicle is modeled in 
the simulation. 
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ON DOMAINS OF CONVERGENCE 
IN OPTIMIZATION PROBLEMS 


Alejandro R. Dfaz, Steven S. Shaw, and Jian Pan 
Department of Mechanical Engineering 
Michigan State University 
East Lansing, MI 48824-1226 


INTRODUCTION 

Numerical optimization algoriihms require the knowledge of an initial set c> f 

from an initial design x°, improved solutions are <*tmt«dby to a 

AdenJTte'1 iterative procedure that characterizes a typical optimization 
algorithm, applied to the problem: 


Find xeR" that 

maximizes f(x) 

subject toxeO^R" 


We are interested in problems with several local maxima x *, j=l,.... m, in the feasible design space Cl. 

In general, convergence of the algorithm A to a specific solution x* is determined by the choice of 

initial design x<>. The domain of convergence Dj of A associated with a local maximum x * is a subset of 
initial designs x° in Cl such that the sequence {x k }, k=0,l,2,... defined by 

x k+1 = A(x k ), k=0,l,... 


converges to x j ,that is, 

Dj= {x&Cl: IIxj* - x k ll -* 0 as k—> whenever x°=x and x k+1 = A(x k ) } 

* * 

The set Dj is also called the basin of attraction of Xj . 

ravifv fll first orooosed the problem of finding the basin of attraction for Newton's method m 1897. It 
Cayley L 1 J tirst proposca P for Newton's method exhibits chaotic behavior in problems 

has been shown dial b g‘" 31 ° ‘4StaSie$ that there may be regions in the feasible design space where 
with polynomial ti^J®cpve t2,3]. This implies tnannere y 6 soluli ons. Furthermore, the 

order) algorithms exhibit similar features. 
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STRUCTURE OF DOMAINS OF CONVERGENCE 

4 

TTie following example is used to illustrate the more relevant features of the problem. Consider the beam 
shown m Figure 1. Translation is constrained by rigid supports at both ends and rotation is restricted 
tlu-ough rotational springs of finite stiffness r. A finite element model is used for the analysis discretizing 
the beam into fourtapered beam elements. The element heights bi, t >2 and b 3 at nodal points are the chosen 
design variables. The optimization problem considers the maximization of the smallest eigenvalue of the 
beam, Xi, under an isoperimetric constraint on the beam volume, i.e., the problem (1) below: 

Find {bi,t> 2 ,b 3 } that 

maximize Xi 

subject to bi + b 3 + 2b2 = C m 

bi£ 0 K } 


For the specific case considered here, we let C=4 and r= 1.0, a relative large value corresponding to 
nearly clamped ends. The objective function has three local maxima and two saddle points. 



Figure 1. The beam model 

A first-order, gradient based optimization algorithm is used to solve problem (1). To facilitate the 

graphical representation of the domains of convergence, the equality constraint problem is used to restate 
tne problem as follows: 

Findx={bi,b 3 ) that 

maximize Xi 

subject to bi + b 3 ^ 4 n\ 

bi > 0, b3 > 0 

The feasible set is the two-dimensional region 


Q= {{bi,b3}eR 2 : bi + b3 < 4, bi> 0 ,b3 £ 0} 

The algorithm used is a steepest ascent algorithm modified to account for the simple constraints. It can be 
characterized by the mapping 


A(x k ) = x k + a(x k ) s(x k ) 


where 

s(x k ) = Vf(x k ) if x k € Int (f2) 

s(x k ) = Paa[Vf(x k )] if x k € dQ 


(3a) 

(3b) 

(3c) 


80 is used to denote the boundary of Q and P 3 £j[Vf(x k )] denotes a projection of Vf(x k ) onto 9Q. 

The scalar parameter a is the step size obtained from line search along the direction s. Both exact and 
inaccurate line search based on Armijo's rule are used here. 
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( 4 ) 


For exact line search: 

a(x k ) = max { a>0 : f(x k + a s(x k )) -> max } 


For inaccurate line search based on Armijo’s rule: 


cc(x k ) = max { cq: 

»*♦ 


f(x k + ai s(x k ))-f(x k ) - 8 ai IVf(x k )l > 0, ai=e» a max } 



for fixed values of 8 and e (0.02, 0.5, resp). oc max >0 is such that x k + a ma x s(x k ) is on 8Q. The 
difference between these two strategies is illustrated in Figures 2 and 3. 




Figure 3 Inaccurate line search based on 
Armijo's rule 


To study the structure of the domains of convergence, the feasible design space is divided into a two- 
dimensional grid of equally spaced, discrete starting points x°j. The algorithm A is applied starting from 

each grid point until convergence to one of the 3 maxima, labeled x * x*xj. is achieved (Notice that for 

the values of the parameters used eigenvalue crossing, a well known phenomenon that is common in 
eigenvalue maximization problems, does not occur ). A small rectangular region R; centered around 

x°j is assumed to be in the domain of convergence Dj of x j* if the distance between A(x k ) and x ;* is 

smaller than a prescribed tolerance for some K and k^K. Rj is colored according to the following 
scheme: 

dark if A converged to x i from x°i 
gray if A converged to x 2 from x°j 
light if A converged to x 3 from x°i 


The resulting figures are shown in Figure 4 for exact line search and in Figure 5 for inaccurate line 
search. It is clear from the figures that the domains of convergence are structurally different for the two 
line search methods. In the case of inaccurate line search, the domains of convergence have an extremely 
fine layered structure in some regions of Cl that is not present in this problem when exact line search is 
used. The structural difference in the domains of convergence of the two methods is dominated by the 

difference between the function a(x) corresponding to exact and inaccurate line search. These results 
indicate that commonly used optimization algorithms based on first order information have features 
similar to those found in Newton's method: sensitive dependence on initial design and very fine layered 
domains of convergence. The mappings which result from these algorithms cannot be chaotic due to their 
inherent ascent properties, but they can lead to very complicated, possibly fractal, boundaries separating 
domains of convergence. We conjecture that the source of this complexity is the same as that which leads 
to similar boundaries in other dynamical systems, although the connection is not clear due to the 
discontinuous nature of the optimization mappings, particularly those associated with inaccurate line search 
strategies. To describe this we need some concepts and definitions borrowed from the qualitative theory 
of dynamical systems. 
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Figure 4 Domains of convergence for exact line search 


(a) [0.0,4.0] X [0.0,4.0] 

(b) [0.196,0.342] X [0.83,1.61] 

(c) [0.25732,0.27776] X [1.3292, 1.3926] 

(d) [0.2618168,0.2642696] X [1.35456,1.359632] 





































































































































First, note that all local maxima, local minima, and saddle points arc fixed points of these maps. The se 
of points which arc mapped to, or arc asymptotic to, a fixed point is defined as die stable manifold of that 
fixed point ( for example, the stable manifold of a local maximum is its domain of convergence). 
Similarly, the unstable manifold of a fixed point is the set of points which arc mapped to, or are asymptotic 
to the fixed point under inverse iterations of the map (when the map is not stnctly invertible, one can use 
the idea of pre-image points). Note that the stable manifold of a saddle point is the boundary between 
points which branch away from the saddle in different directions (it is often referred to as a separatnx) 
For continuous maps, the source of complexity is the intersection of the stable mamfo d of one saddle 
point with the unstable manifold of another saddle. Such an intersection leads to the stable manifold, and 
therefore the boundary, winding in a very complicated manner which results in the infinitely fine layered 
structure for domains of convergence, and it the most likely cause of the observed behavior. 

We note that in order for such intersections to occur at least two saddle points must exist, which implies 
that at least three local maxima must exist. In a system with only two local maxima the boundary 
separating their domains of convergence cannot, if our conjecture is correct, have this layered quality, 
problem solved here has three local maxima. However, if the stiffness of the rotational springs r is 
reduced to a sufficiently low value, the number of maxima changes. In the case r=0, co ^spon&ng to a 
pined-pined beam, the objective function has only one maximum and hence the domain of convergence is 
Q. This observation indicates that the chances of success of the overall solution strategy can be 
affected significantly by possibly small changes in the models used to represent the physical toundary 
conditions. Extensions to problems involving more than two design variables can be^uie, but one must 
be careful since the domain boundaries are formed only by the stable manifolds of saddles for which the 
dimension of the stable manifold is one less than the design space. 
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A SUPERLINEAR INTERIOR POINTS ALGORITHM FOR ENGINE 

DESIGN OPTIMIZATION 


3131 




J. Herskovits * 
J. Asquier ** 


ABSTRACT: 

We present a quasi-Newton Interior points algorithm for nonlinear constrained 
optimization. It is based on a general approach consisting on the iterative 
solution in the primal and dual spaces of the equalities in 
Karush—Kuhn—Tucker Optimality Conditions. This is done in such a way to have 
primal and dual feasibility at each iteration, which ensures satisfaction of 
those optimality conditions at the limit points. 

This approach is very strong and efficient, since at each iteration it only 
requires the solution of two linear systems with the same matrix, instead of 
Quadratic Programming Subproblems. It is also particularly appropriated for 

Engineering Design Optimization inasmuch at each iteration a feasible design 
is obtained. 

The present algorithm uses a Quasi-Newton approximation of the second 
derivative of the Lagrangian Function in order to have superlinear asymptotic 
convergence. We discuss about theoretical aspects of the algorithm and it's 
computer implementation. 


1. INTRODUCTION 

In this work we present a quasi-Newton interior points algorithm for 
nonlinear inequality constrained optimization, based on a general approach 
which solves Karush-Kuhn-Tucker optimality criteria by means of fixed point 
iterates in the primal and dual space [4]. Given an Initial point in the 
interior of the feasible region, a sequence of interior points is generated 

in such a way that the objective decreases monotonically and which converges 
to a K-K-T point of the problem. 

This approach is particularly appropriated for Engineering Design 
Optimization since at each iteration a feasible design is obtained and it is 
also very strong and efficient. 

In the next section, we consider the inequality constrained problem and 
discuss the basic ideas of the method. A quasi - Newton algorithm is 
presented in the following section and then a technique for updating the 
approximation matrix. Finally we briefly discuss some aspects about the 
computer implementation of the algorithm. 
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Caixa Postal 68S03, 2194S Rio de Janeiro, Brazil. 
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2. THE INEQUALITY CONSTRAINED PROBLEM 

We consider now the inequality constrained nonlinear programming 
problem : 

minimize f(x) 

X 

submitted to g(x) 5 0, (1) 

where feR and geR* are smooth functions In R n . This problem is normally 
present in Engineering Design, however equality constraints can easily be 
included using this approach [1]. 


Definitions 

Definition 1. d € R n is a descent direction of f at x if d l 7f <0. □ 

Definition 2. d € R n is a feasible direction of the problem at x € 0, 

Q m {x e R n / g(x) s 0>, if for some 9 > 0 we have x + td € 0 for all 
t € (0,0). □ 

Definition 3. A vector field d(x) defined on Q € R n Is said to be a 
uniformly feasible directions field If there exists t > 0 such that for any 
x € Q x + td(x) € Q for all t € (0,r). □ 


The present algorithm obtains at each iteration a search direction d, 
which is a descent direction of the objective and also a feasible direction 
of the problem. A line search is then performed to ensure that the new point 
is interior and the objective is lower. As a consequence of the requirement 
of feasibility, d must actually constitute an uniformly feasible directions 


field. Otherwise, the step length may go to 
non-stationary points may occur. 

zero and 

convergence 

to 

Karush-Kuhn-Tucker first order optimality 
following system of equalities and inequalities: 

conditions 

consist on 

the 

C + A*X = 0. 



(2) 

G X = 0. 



(3) 

g(x)s 0 and 



(4) 

A a 0, 



(S) 

where A € R* is the dual variables vector, 

G * diag [g(x)J, G € R“ 

C = 7f(x), 

A = Vg(x), 

and 


Our approach consists on solving the system of equations (2),(3) in 
(x,A) by means of a quasi-Newton algorithm. This is done in such a way to 
satisfy inequalities (4) and (5) at each iteration, in order to ensure that 
Karush-Kuhn-Tucker conditions are verified at the limit points. 
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Consider the fixed point iterates for the solution of (2),(3) defined by 
the following linear system of equations: 


B 

A 1 


x - x 


C + A l A 



0 

* ~ 


AA 

G 


A - A 

O 


GA 


■m 


w 


- ' 


( 6 ) 


where B € R 11 * 11 is symmetric and positive definite, A c R is A * diag(A), 
(x. A) is the actual iterate and (x o ,A q ) is a new estimate. Taking 

B = H(x, A), where H(x,A) = 7 2 f(x) + £ A^g^x), (6) becomes the Newton - 

Raphson’s iterates. In the present paper, we take B equal to a quasi-Newton 
approximation of H(x,A). 

Let be d = x - x. Then, (6) becomes 
o o 

Bd +A l A = - C and (7) 

o o 

AAd + GA = 0. (8) 

o o 


which now gives a direction d in the primal space. It can be proved, in a 

similar way as in [1,3], that d is a descent direction of f. However, d Q is 

not useful as a search direction since it does not always constitute an 
uniformly feasible directions field. This is due to the fact that as any 
constraint goes to zero, (8) forces d to tend to a direction tangent to the 

feasible set. 

% 

This effect is avoided by including a negative vector (-pe) in the right 
side of (8), where the scalar factor p »• positive and e * [1,1, ..,1]*, 
e € R*. Then, solving 

* 

Bd +A t A = - C, (9) 

AAd + GA = - pe (10) 


we have a new direction d which constitutes an uniformly feasible directions 
field [1J. 

Finally, since d can be considered as a perturbation proportional to p 
of the descent direction d , it is possible to establish bounds on p which 

ensure that d is also a descent direction of f. 

The ideas pointed above are a basis for the iterative method that we are 
studying. In the primal space, a line search is done in direction of d while, 
in the dual space, updating of A is defined by 

A := sup[A ;e Bd B 2 ]; l * l,m, e > 0, (11) 

1 o 1 o 

which ensures that A is always feasible. 
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3. THE ALGORITHM 


The algorithm that we present Is stated as follows: 

Parameters, a € (0,1), y € (0,1), c > 0, T^and T^e (0,1), (i^ ), p >0 

and v e (0,1). 

Data. x 6 £1, A > 0 and B e R"*" symmetric and positive 

definite. 


Step 1. Computation of a search direction. 

(i) Compute (d , \ Q ) by solving the linear system 

Bd+ A*A = - C, 

0 0 

A A d + G A — 0. 

o o 

If d * 0, stop, 

o 

(il) Compute (d , A j ) by solving the linear system 
Bd + A t A i * 0, 

AAd + G X i =— e. 

(ill) Compute the search direction 

d = d + fi*d , 

0^1 

where p = sup {p; sup [ (a-1 )d*C/d*C; 0]>. 

Step 2. Line search . 

Find t>0 such that: 
f(x + td) S f(x) + t T» i d t C, and 
(x + td) < 0 ; i=l »m, 

are true, and at least one of the following conditions 

is also true: 

* 

d^f (x+td)s n/c, or 

2 

g^(x+td) £ 7 g^x); 1=1,2,. . . ,m. 

Step 3. Updates, 

(i) Set 

x :* x ♦ td, and 

A : * sup[A ;e lid II 2 ]; l * l,m. 
l oi o 

(ii) Compute a new symmetric positive definite approximation 
B to H(x,A). 

(ill) Go back to Step 1. 


( 12 ) 

(13) 


(14) 

(15) 

(16) 
(17) 


The search direction d given by (16) is the same as the one obtained in 
(10) and condition (17) on p ensures that 

d l C s o d* C 
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Then, since d is a descent direction of f, d also is. 

o 

The line search criteria is very wide and easy to satisfy. We find the 
step length in an iterative way by defining an initial t and, if the criteria 
is not verified, making quadratic interpolations or extrapolations until a 
satisfactory step length is obtained. 


4. THE QUASI - NEWTON APPROXIMATION MATRIX 

In unconstrained optimization problems by quasi - Newton method, an 
approximation matrix B to the second derivative of the function is built up. 
The formula preferred by several authors for updating B is the BFGS rule 



BSS^B + 

5 l B5 6% 


(18) 


where 5 6 R n is the change of the variables and i) e R n is the change of the 
gradient of the function. Since the second derivative of the function is 
positive definite at the minimum, it can be proved that if the initial B is 
positive definite a new approximation matrix with the same property is 
obtained, provided that 


S l v > o. (19) 

In the present algorithm, B Is an approximation to H(x,A) which is not 

necessarily positive definite at the solution. We let y € R n to be the change 

in x of {Vf(x) + A t (x)A> and, in order to satisfy (19), we adopt a procedure 
proposed by Powell (5) for the definition of t). 

Consider 0 € R defined as follows: 

* = 1. if 6 l r i 0.2 or 

0.8 5*35 otherwise. 

<P = - 

5 B3 - 6 t y 
Then, we define tj to be 

V * <t>7 * (1-*)BS 

and B given by the updating rule (18). 


5. NUMERICAL IMPLEMENTATION 

Several items involved in the implementation of the present algorithm 
merit a wider discussion. One question is that of efficiently solving linear 
systems (12,13) and (14,15). It can be proved that the corresponding matrix 
is nonsingular [3]; however it is not symmetric neither positive definite. 
Different technics can be employed which lead to systems involving symmetric 
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and positive definite matrices with smaller dimensions. Another important 
noint is that of the line search procedure, since a good Implementation can 
result in important benefits in the global efficiency of the algorithm. Quasi 
I Newton updating can be done as in (18) but It i. also possible to 
approximate the inverse of H(x,A) or to generate Cholesky s decomposition of 

both approximation matrices. 
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SHAPE DESIGN SENSITIVITIES USING FULLY 


AUTOMATIC 3-D MESH GENERATION 



M. E. Botkin 
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Warren, Michigan 48090-9057 


ABSTRACT 



Previous work in 3-D shape optimization involved specifying design variables by 
associating parameters directly with mesh points. More recent work has shown the 
use of fully-automatic mesh generation based upon a parameterized geometric 
representation. Design variables have been associated with a mathematical model of 
the part rather than the discretized representation. The mesh generation procedure 
uses a nonuniform grid intersection technique to place nodal points directly on the 
surface geometry. Although there exists an associativity between the mesh and the 
geometrical/topological entities, there is no mathematical functional relationship. This 
poses a problem during certain steps in the optimization process in which geometry 
modification is required. For the large geometrical changes which occur at the 
beginning of each optimization step, a completely new mesh is created. However, for 
gradient calculations many small changes must be made and it would be too costly 
to regenerate the mesh for each design variable perturbation. For that reason, a 
local remeshing procedure has been implemented which operates only on the specific 
edges and faces associated with the design variable being perturbed. Two realistic 
design problems are presented which show the efficiency of this process and test the 
accuracy of the gradient computations. 

SHAPE PARAMETERIZATION 

Of the many aspects of a shape optimization system, the most controversial 
issue, and the issue still unresolved, is the process by which design variables are 
assigned to the mesh. There are essentially four approaches being investigated, two 
dealing with some form of mesh generation and two which work from an existing 
mesh. The method based upon mapped mesh generation[l,2] requires the 
association of design parameters with key nodes of 3-D iso-parametric hyper-patches. 
In this case, as the shape changes, internal nodes are moved automatically. The 
method developed by Yang|3] assumes the existence of a mesh generated manually 
using a conventional modeling system. Using graphics, design variables can be 
directly assigned to mesh points. No attempt is made to move internal points. A 
third method, originally developed by Belegundu and Rajan[4,5] also assumes a mesh 
exists. This approach however uses fictitious loads as design variables. The 
deformed shapes resulting from the application of special loading and boundary 
condition sets are used as design variations. The advantage of this method is that 
interior node movements are directly obtained. All of the above techniques pose 
certain problems in developing the design models. For that reason Botkin[6] 
proposed the use of fully automatic mesh generation based upon the use of a 
parameterized 3-D mathematical surface model. For each step in the optimization 
process, the current set of design variables produces a new geometrical model from 
which a mesh can be automatically generated. There is no need in this case to 
relate finite element nodes to design variables and internal nodes are moved 
automatically. Since the first three methods directly assign nodes to design 
variables, shape sensitivities are easily obtained, i.e., small perturbations in design 
variables can produce small perturbations in mesh points. However, no such direct 
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relationship exists for the fourth approach and special consideration will be given to 
this aspect of the problem in the next section. 

SENSITIVITY ANALYSIS 


The following relationship expresses the association between the geometric 
model, G and the mesh, M: 

G(5) - M (1) 

in which 6 represents the design variables. Whereas the model is an explicit 
function of the design variables, the mesh is only obtained through the operation 

Using the symbolic relationship (1) the behavioral sensitivities can be computed 
as follows: 


OR OR y OM y OG 

55 * Sfl x 5C x 55 



in which R is a response quantity. Most of the questions regarding shape 
sensitivities have been answered[7] but have dealt only with the first term of Eq. 2. 
Term three is analytical and can be easily computed. One aspect as it pertains to 
automatic mesh generation still has to be investigated, and deals with term two. As 
the design variables are sequentially perturbed, a resulting perturbed mesh must be 
obtained. Figure 1 represents a two-dimensional segment of a mesh, the associated 
geometry, and design variables using the notation of relationship (1). The bold 
curve represents a typical shape variation. The subscripted variable M refers to 
mesh points on the surface geometry and variable M, refers to points in the interior. 
It would not be desirable to regenerate an entirely new mesh for each design variable 
perturbation, A5., but only recompute the surface point locations, M 0 , locally. Since 
the mesh is tied to the geometrical description through an operation, it is only 
indirectly associated with the design variables. For that reason a local remeshing 
procedure was implemented which operates only upon the mesh data for specific 
edges and faces. Associativity information between the topology and the mesh 
allows only pertinent nodes to be identified for repositioning. There is still some 
question about the accuracy of this localized numerical process when only small 
changes are required as in the sensitivity calculations. In an attempt to improve the 
accuracy a methodology was developed in which rather substantial boundary 
movements are first performed to obtain the direction of the velocity field[7] and 
then scaled to the small changes required. Finally, it still may be necessary to 
devise an approach, such as Laplacian smoothing, to move internal points, M,, as 
well to use as velocities in Ref. 7. This aspect of the problem should be 
investigated further since there is a possibility that too much nonlinearity exists in 
such a smoothing operation to produce accurate sensitivities. 
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DESIGN EXAMPLES 


The following examples were modeled using the mesh generation capability 
developed by Shephard and Yerry[8,9] and documented in Reference 6. Computer 
times given are for an IBM 3090. Response sensitivities were computed using a 
special version of NASTRAN in which semi-analytic grid sensitivities were 
implemented. 

Two examples are used to investigate the efficiency and accuracy of shape 
sensitivities using automatic mesh generation. For an idealized torque arm shown in 
Fig. 2 and an upper control arm shown in Fig. 3 the model size information is given 
in Table 1. The torque arm is loaded at one hole and clamped at the other. The 
control arm is loaded at the small end and clamped at both holes on the large end. 
The geometrical models are shown in Figs. 4 and 5. The cross-hatched surfaces in 
these figures indicate the design variation used to compute sensitivities. In an actual 
design study, it would be desirable to allow all surfaces to vary, but for this 
example only a single surface will be considered. Behavioral sensitivities will be 
computed for the displacement at the loaded node with respect to the specific 
surface movement taking the form of a quadratic function. Stress sensitivities were 
not computed since they are merely a function of displacement sensitivities. Table 2 
gives the perturbation data. Only a small fraction of the initial mesh generation 
time is required to locally update the mesh for sensitivity calculations and the 
sensitivities agree quite well with the finite difference values. It is believed however 
that the analytical values are more accurate than the finite difference values. It is 
very difficult to accurately input the perturbed mesh data to NASTRAN, even using 
extended precision fields, whereas the grid point sensitivity data for the analytical 
calculation requires the velocity[7] values which can be input much more accurately. 

Table 1 Mesh Generation Data 



NODES SOLIDS 

MESH GENERATION TIME 

TORQUE ARM 

826 

2875 

35 sec 

CONTROL ARM 

975 

3192 

49 sec 


Table 2 Mesh Sensitivity Data 



MESH PERTURBATION TIME 

SENSITIVITY 

F.D. SENSITIVITY 

TORQUE ARM 

CONTROL ARM 

1.3 sec 

1.8 sec 

.00280 

.00405 

.00286(2X) 

.00401(-190 
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Fig. 1 Mesh-Geometry-Dimension Relationship 
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Fig. 2 Torque Arm Mesh 



Fig. 3 Control Arm Mesh 
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Fig. 4 Geometric Model for Torque Arn 



Fig. 5 Geometric Model for Control Arm 
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Summary: This paper presents a technique for the integration of structural optimization facilities into a Computer Aided 
Design environment . Problems in connection with the flexibility of the mathematical formulation and the system design 
are discussed The techniques have been implemented in the structural optimization system CAOS, and a practical 
example of the use of this system is presented 


1. Introduction 

Structural optimization has attracted the attention since the days of Galileo. Olhoff & Taylor [1] have produced an excellent 
overview of the classical research within this field. However, the interest in structural optimization has increased greatly during 
the last decade due to the advent of reliable general numerical analysis methods and the computer power necessary to use them 
efficiently. This has created the possibility of developing general numerical systems for shape optimization. Several authors, 
eg. # Esping [2], Braibant & Fleury [3], Bennet & Botkin [4], Botkin, Yang & Bennet [5] and Stanton [6] have published 
practical and successful applications of general optimization systems. Ding [7] and Hdmlein [8] have produced extensive 
overviews of available systems. Furthermore, a number of commercial optimization systems based on well-established finite 
element codes have been introduced. Systems like ANSYS, IDEAS, OASIS and NISAOPT are widely known examples. 

In parallel to this development, the technology of Computer Aided Design (CAD) has gained a large influence on the design 
process of mechanical engineering. The CAD technology has already lived through a rapid development driven by the 
drastically growing capabilities of digital computers. However, the systems of today are still considered as being only the first 
generation of a long row of Computer Integrated Manufacturing (CIM) systems. These systems to come will offer an integrated 
environment for design, analysis and fabrication of products of almost any character. Thus, the CAD system could be regarded 
as simply a database for geometrical information equipped with a number of tools with the purpose of helping the user in the 
design process. Among these tools are facilities for structural analysis and optimization as well as present standard CAD 
features like drawing, modelling and visualization tools. 

The state of the art of structural optimization is that a large amount of mathematical and mechanical techniques are available 
for the solution of single problems. By implementing collections of the available techniques into general software systems, 
operational environments for structural optimization have been created. The forthcoming years must bring solutions to the 
problem of integrating such systems' into more general design environments. The result of this work should be CAD systems 
for rational design in which structural optimization is one important design tool among many others. 


2. The structural optimization system CAOS 

A CAD based structural optimization system by the name of CAOS (Computer Aided Optimization of Shapes) has been 
developed at the Institute of Mechanical Engineering, Aalborg University, Denmark. The purpose of this work is to conduct 
experiments with various solutions to the CAD integration problems outlined in the preceding section. The widely used 
commercial CAD system AutoCAD is used as the basis for CAOS, but the system concept is independent of the AutoCAD 
data structure and the tecniques used in CAOS can therefore be applied in connection with most other CAD systems as well. 

CAOS has been under constant development over a period of four years and is today a fully operational shape and topology 
design system with a number of interesting features. In particular, CAOS offers solutions to the following important problems 
of CAD integrated shape optimization: 

1. There is a large number of possible formulations of the shape optimization problem. One may choose to min imize weight, 
stress, compliance, displacement or any other property that can be derived from the geometrical model or the output from 
an analysis program which is usually a finite element module. The same set of possibilities should be available for 
specification of constraints. Mathematically, these different formulations lead to very different optimization problems. 

2. In order to use a mathematical programming technique to solve the problem, the continuous shape of the geometry must 
be described by a finite, preferably small, number of design variables. This problem is closely connected with the data 
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available in the CAD system. This also means that the specifications can be erased, moved, redefined or otherwise modified 
as any other entity in the CAD model. Based on these specifications, a number of simple text files specifying the optimization 
problem are generated The actual optimization is solely based on these files and is therefore independent of the CAD system 
data structure. 


5. Mathematical formulation 


The mathematical formulation of the 


shape optimization problem is as follows: 


Minimize 

f( a iX 

i=l..n-l 

a) 

Subject to 

ft( a i) * G,. 

i=l..n-l, j=l..m 

(2) 


a,iM a .. 

i»l..n-l 

(3) 


where n-1 is the number of so-called design variables, a* and m is the number of constraints. (3) are side constraints, i.e., 
upper and lower limits for the design variables. The functions f and g^ are specified by the user as a part of the optimization 
specification. They can be picked and combined freely from a library with the following contents: 

1. Weight 

2. Elastic displacement of a given material point 

3. Maximum elastic displacement of any point in the structure 

4. Stress (several types) at a given material point 

5. Maximum stress (several types) at any point in the structure 

6. Compliance 

Mathematically, different entries in this list lead to very different optimization problems. Entries 2 and 4 are ordinary scalar 
functions that can be derived directly from the output of the finite element analysis. Entries 1 and 6 are of integral type and 
require some postprocessing of the results to be evaluated. Entries 3 and 6 lead to min/max-problems with non-differentiable 
objective functions. 

CAOS makes use of the so-called bound formulation presented by Olhoff [10]. This formulation enables the CAOS system 
to handle the optimization problem in a uniform way regardless of the blend of scalar-, integral- and min/max-criteria defined 
by the user. 

Given the min/max objective function f = max(fj), j=l..p* and a number of constraints, g* = max(g kv ) * G k , k=l..m, j=l..p k , 
we get the following bound formulation of the problem: 


Minimize 
a„ 0 

Subject to 



8 

(4) 

$( a i) -0*0, 

j=l..p*» i=l..n-l 

(5) 

-0*0, 

k=l..m, j»l..p k , i=l..n-l 

(6) 

a, * aj * 

i=l..n-l 

(7) 


An extra design variable, 0, has been introduced, rendering the total number of variables to n. By m we designate the 
original number of constraints regardless of whether these are scalar-, integral- or min/max-functions. The number of points 
whereby a min/max-condition k is represented, eg. the number of nodal stresses among which the maximum stress is to be 
found, is termed p*. This number is obviously 1 if condition k is scalar or integral. The weighting factors w k are imposed on 
the constraints to allow them to be limited by the same B-value as f. Prior to the call of the optimizer, w k is found from the 
relation: 
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G k w k = 3 -* w k = fl/G k 



The tableau (4) through (7) is valid regardless of the blend of hiMu ^nd 
are therefore identical for any problem that the user could P°“‘ b1 / 
programming using either a SIMPLEX algorithm or the Method of Movmg 


o and the mathematical operations performed 
The problem (4)-(7) is solved by sequential 
Asymptotes by Svanberg [11]. 


6. Practical example 
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Fig. 1. Initial geometry with loads and boundary conditions. 


! The upper and lower surfaces must be planar and the distance between them cannot be changed. 

2. The maximum deflection of the beam must not exceed 9.4 mm under the given load. 
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This part is 
considered to 


This part has 
no struc¬ 
tural sign¬ 
ificance 



Fig . 2. Result of topology optimization. 



Fig. 3 . Initial finite element mesh of optimized topology. 



Fig . 4 . Finn/ yfrifre element model. 


frame has been removed. This part of the geometry has a function, 
but it is structurally insignificant and can therefore be excluded 
from the shape optimization and added to the modified structure 
afterwards. This simplification greatly facilitates the generation of 
the design model. Fig. 2 illustrates the modifications that have 
been imposed on the optimized topology and the resulting initial 
finite element model is shown in fig. 3. 

CAOS reduces the volume significantly by changing the shape 
of the the design of fig. 3. The final design is illustrated in fig. 4, 
based on which the designer can update the CAD model and 
perform the final adjustments, eg. add the structurally insignificant 
upper right comer that was removed in order to facilitate the 
generation of an analysis model, and thereby yield the final design 
of fig. 5. This design is feasible and the volume is reduced by 
42% in comparison with the initial design of fig. 1. Because of the 
CAD integration, this rather complicated geometry is available 

directly in the CAD system where the continued design process 
can take place. 

*Hie initial topology optimization allows in many cases the shape 
optimization to arrive at a much better final result than could 
otherwise be achieved. A shape optimization of the topology of fig. 

1 has been attempted and resulted in a volume reduction of only 
5^* | c *» for problems like the this, where there are large pos¬ 
sibilities for geometrical variations, the topology optimization is a 
valuable tool in the design process. It is the experience from the 
present example that topology optimization should be used in the 
early stages of the development in order to inspire the designer and 
lead him/her in a beneficial direction. The result of the topology 
optimization is merely a crude guess and can therefore safely be 
modified by the designer to meet practical requirements, before the 
more detailed shape optimization is performed. 



Fig. 5. Example affinal geometry slightly modified by the designer. The upper right comer has been added again. 
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7. Conclusion 


Hie experieiKe from we*i»g whh CAOS U , £ JjC«»*•»*» - .£ 

*'*3 i-‘ieWe^'Se^li^ design £ocess will uAe ptnon , 

opttmiz g |y P • f cettine a toolbox of various design facilities at the disposal of the designer. 

We have also learned the importance of setting ; a toolbox « of des j ‘ mg , and the final result is therefore very 

of analysis facilities. 
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Abstract 

A geometric representation scheme is outlined which uti¬ 
lizes the natural design variable concept. A base configu¬ 
ration with distinct topological features is created. This 
configuration is then deformed to define components with 
similar topology but different geometry. The values of 
the deforming loads are the geometric entities used in the 
shape representation. The representation can be used for 
all geometric design studies; it is demonstrated here for 
structural optimization. This technique can be used in 
parametric design studies, where the system response is 
defined as functions of geometric entities. It can also be 
used in shape optimization, where the geometric entities 
of an original design are modified to maximize perfor¬ 
mance and satisfy constraints. Two example problems 
are provided. A cantilever beam is elongated to meet 
new design specifications and then optimized to reduce 
volume and satisfy stress constraints. A similar optimiza¬ 
tion problem is presented for an automobile crankshaft 
section. The finite element method is used to perform 
the analyses. 

1 INTRODUCTION 

A shape representation scheme is outlined which utilizes 
the natural design variable concept. It is ideally suited for 
modeling objects with similar topology but different ge¬ 
ometry. This approach is explored in [1, 2, 3, 4, 5] where 
the values of loads, used to deform the body, are the de¬ 
sign variables in the shape optimization; hence, the ter¬ 
minology natural design variables. The method is suited 
for all geometric design applications; and is demonstrated 
here for structural optimization. 

Shape representation is a concern in parametric design 
studies. In these studies, a base design is created which 
is characterized by a series of fixed topological features, 
(e.g. holes and fillets) and variable geometric entities (e.g. 
dimensions). An analysis technique, derived from the ge¬ 
ometric entities, is formulated to evaluate the system’s 
response. The response for new designs with varied ge¬ 
ometries is then readily determined. For example, con¬ 
sider a cantilever beam with transverse tip load P. In this 
problem, the dimensions: length /, width us, and height 


h, comprise the geometric entities; and the maximum 
bending stress is defined through the formula <r = 
When the finite element method is used as the analysis 
tool, an automatic mesh generator program is developed 
which creates the input deck. This approach is presented 
in [6] for piston design. Creation of these mesh genera¬ 
tors can be time consuming. Furthermore, large geomet¬ 
ric variations or changes in topology necessitate modifica¬ 
tions to the mesh generation program; these modifications 
may also be time consuming. 

Detailed reviews of structural shape optimization 
methodologies appear in [7, 8, 9, 10]. In these articles it 
is noted that geometric representation comprises a crit¬ 
ical aspect of the shape optimization problem. A sub¬ 
set of the geometric design entities are chosen as the de¬ 
sign variables in the optimization. The remaining entities 
are fixed to meet design and manufacturing requirements. 
The design variables are altered to improve performance 
(usually volume dependent) and satisfy constraints (typ¬ 
ically stress and displacement dependent). For example, 
in the cantilever beam problem one may wish to mini¬ 
mize volume and limit the maximum bending stress to a 
percentage of the yield strength. In this case, only two 
of the three geometric entities that describe the beam are 
used as design variables. The span is fixed by the design 
requirements, so the length is invariable. Only the height 
and width are varied to obtain the optimum shape. 

Several means for selecting the geometric design vari¬ 
ables have been proposed when the finite element method 
is used to perform the analyses required by the shape 
optimization algorithm. A convenient choice for these 
variables are the elements of the node coordinate vector. 
However, as noted in [13], this vector contains too many 
elements which leads to convergence problems in opti¬ 
mization algorithms, geometric discontinuities over the 
boundaries, and poor quality finite element meshes. To 
alleviate this problem, hierarchical parametrization meth¬ 
ods have been suggested. In these methods the node coor¬ 
dinates are related to a small number of control points, for 
instance see [11,12, 13,14]. The control point coordinates 
are then used as the design variables. Unfortunately, cre¬ 
ation of the hierarchical design structures can be tedious 
for large finite element models. Currently, commercial fi¬ 
nite element pre-processors offer no capabilities to assist 
the engineer with this task. 

Recently, natural design variable concepts have been 
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introduced for shape representation [1, 2, 3, 4, 5]. In 
these methods, the original design configuration is sub¬ 
ject to a set of design loads and a shape change analysis 
is performed. The elements of the design load set, i.e. the 
load parameters, are the design variables used in the op¬ 
timization; and the deformation produced by these loads 
transforms the original structure into the optimal shape. 
To meet geometric constraints for design and manufac¬ 
turing specifications (eg. fixed surfaces, planar surfaces 
remaining planar, or cylinders remaining cylinders) addi¬ 
tional loads in the form of displacement boundary condi¬ 
tions are applied; and linear multi-point-constraints are 
used. In this way, when the finite element method is 
used to perform the analyses, commercially available pre¬ 
processors can be used to create the design data. Internal 
mesh distortions introduced from this natural design vari¬ 
able approach are observed to be less severe than those 
resulting from purely geometric methods [10]. 

To maintain boundary smoothness requirements, Ra- 
jan and Belegundu [3, 4] lay second-order elements over 
the existing structure when performing the shape change 
analysis. Yao and Choi [5] pave the bounding surfaces 
with Bezier surfaces in a manner similar to that sug¬ 
gested in [14] to retain surface regularity. In this latter 
technique, movements of all surface nodes are linked to 
the motion of the control points. Prescribed displace¬ 
ments, used as the design variables, are then enforced at 
the control points to deform the structure. Mathematical 
relationships are used to relate the displacements of the 
control points to the surface points. By using prescribed 
displacements as the design variables rather than forces, 
the effects that the design loads have on the structural 
shape are more readily interpreted by the designer. 

In some cases, the design loads can be accumulated 
throughout the optimization process [5]. In [2, 3, 4] this 
accumulation is not performed. Instead, after each design 
iteration during the optimization, the structure is rede¬ 
fined by the deformed configuration resulting from the 
shape change analysis; and the design loads are zeroed. 
This can be thought of as an updated-Lagrangian shape 
representation If the shape change problem is linear, this 
practice of resetting the design variables leads to unnec¬ 
essary computations, as will be seen later. 

In this paper, a detailed development of the natural de¬ 
sign variable concept is presented as it applies to paramet¬ 
ric design studies and shape optimization. The method¬ 
ology follows that of in [1, 2, 4, 3, 5]. Here, as in [5], 
the design variables are not reset after each design it¬ 
eration, i.e. a total-Lagrangian shape representation is 
presented. In this way, great computational saving are 
obtained if the shape change problem is linear. Thermal 
loads are introduced into the design load field to obtain 
localized shape changes. For example, consider the can¬ 
tilever beam problem. A global deformation of the entire 
beam is produced if transverse design loads are applied 
at the free end. Ideally, we would like to obtain localized 
shape changes of the tip region to optimize the body. 


This localized deformation can be obtained from thermal 
expansion which results from heating or cooling the tip 
region. Boundary regularity is maintained by using the 
methods in [1, 4, 3, 5]. Geometric constraints are en¬ 
forced with essential boundary conditions and nonlinear 
multi-point-constraints, thus surfaces described by cylin¬ 
drical, spherical, and toriodal surfaces are retained. To 
incorporate nonlinear multi-point constraints the sensi¬ 
tivity derivations that appear in [15] are utilized. The 
treatment of nonlinear shape change problems extends 
the works of [1, 2, 4, 3, 5]. 

In the following section, the shape representation 
scheme is presented as it applies to parametric design 
studies and optimal design algorithms. Then, two ex¬ 
ample problems are provided. In the first, a cantilever 
beam is elongated and then optimized to reduce volume 
and satisfy stress constraints. In a similar problem, an 
existing automobile crankshaft is optimized. The finite 
element method is used to perform the analyses. 

2 SHAPE REPRESENTATION 
CONCEPT 

In this section, the shape representation scheme is pre¬ 
sented. Initially, it is described in the context of the opti¬ 
mal design process. Then, it is specialized for parametric 
design studies. Some general remarks regarding the algo¬ 
rithm are also supplied. 

2.1 OPTIMAL DESIGN ALGORITHM 

In the optimal design process, two configurations of a 
body Q with bounding surface T are considered, the base 
configuration and the design configuration Xk 4 X* 
and X* denote the places that a particle X E T occu¬ 
pies in the base and design configurations, respectively. 
The base configuration remains fixed and coincides with 
the body Q; so X 6 is the position vector of the material 
particle X . The design configuration is obtained through 
the deformation that results from an application of the of 
design load field T d = [b<*, E Id t S Id t u^, s pd ] 

X d = X* + u* (1) 

b rf , E /rf , and S Id denote the design body force, initial 
strain, and initial stress acting in Q; and and s pd 
represent prescribed displacement and prescribed surface 
traction acting on T. u d is the resulting shape displace¬ 
ment field . 

We consider two analyses in this development. The 
shape displacement field u d , is determined by a shape 
change analysis. Once u d is known, equation (1) is used 
to define the design configuration \k 4 * Next, the real 
analysis is performed. This is the conventional analy¬ 
sis performed by the engineer. The real load field T* is 
applied to the current design \k 4 and the real response 
field S* , of the system is evaluated. Thus, Xk 4 ls the 
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undeformed (original) configuration for the real analysis. 
Once »is known t the cost and constraint functionals 
for the design are determined on x* 4 • The values of these 
functions are the components of the constraint vector field 
G. 

Conservation of mass requires the density of the real 
configuration to vary as T d is modified. Here, we consider 
this variation when performing the shape change analysis. 
However, before we perform the real analysis we equate 
the density of x*> to that of x* 4 » ** e *» we use a constant 
density in x* 4 f° r a ll real analyses. If this were not the 
case, the real body forces and mass would remain constant 
for all design configurations. Clearly, this situation must 
not be allowed. 

In a finite element implementation of the natural de¬ 
sign variable concept second-order elements (e.g. beams 
and plates), Bezier surfaces, and multi-point constraints 
may be used to retain design requirements. Second-order 
elements can be placed on the surface of the body when 
performing the shape change analysis [3, 4], In this way, 
boundary regularity of the deformed finite element mesh 
(and hence the design configuration) is maintained. These 
elements must be removed before the real analysis is initi¬ 
ated. Design loads in the form of prescribed displacement 
boundary conditions, defined through the control point 
movements of Bezier surfaces, can also be used to main¬ 
tain boundary regularity [1, 5]. Multi-point constraints 
may be applied to enforce dimensional requirements. For 
example, rigid bars can be arranged as the spokes on a 
wheel of a cylinder to fix the radius, thus allowing trans¬ 
lation and rotation of the cylinder. Like the second order 
elements, these added constraints are to be removed be¬ 
fore performing the real analysis. The suggested use of 
linear multi-point constraints appears in [2]. Here, we 
use the developments in [15] to extend this idea so that 
nonlinear constraints may be incorporated. 

The real response is an implicit function of the design 
forces. Variations in T d , produce alternate design con¬ 
figurations x«*i and ultimately affect the value of G. In 
a shape optimization, the design field is defined to mini¬ 
mize the cost function and satisfy the constraints. Here, 
the design field is equivalent to T d . 

In this paper, we rely on numerical optimization al¬ 
gorithms to select the optimal load set T d . These algo¬ 
rithms are restricted to finite-dimensional design spaces. 
With this motivation, we parameterize T d over x«* by an 
M-dimensional vector 4> and an N-dimensional vector <p 
and a set of basis functions. This type of parameteriza¬ 
tion is used in the finite element method, where the load 
fields are defined at node points and interpreted locally 
in each element by shape functions [16]. The parameters 
in <(> are used to maintain geometric design and manufac¬ 
turing constraints. Typically, they define prescribed dis¬ 
placements over selected surfaces; they are held constant 
during the optimization. The parameters in y? describe 
loads which locally deform portions of the body into the 
optimum shape. They are selected by the optimization 


algorithm; thus they serve as the design variables. G 
is written as an /^dimensional vector; its elements con¬ 
sist of the values of the cost function and the L — 1 con¬ 
straint functions. The discretized constraints components 
G a a = 2,N can be defined by evaluating the constraint 
field G at a distinct point or averaging the value of G 
over a sub-region of x*< • 

For example, suppose it is desired to optimize a can¬ 
tilever beam of length /' for minimum mass subject to a 
constraint on the maximum bending stress. A beam of 
length /, width u/, and height h serves as the base con¬ 
figuration X**- To ensure the length requirement is met, 
a prescribed displacement with value l* — l is enforced at 
the tip face in the longitudinal direction. This value — /, 
is given by a parameter in <t>. Thermal loads are applied 
to locally deform the beam’s height and width. These 
load values are related to parameters in <p. The design 
load field T d (composed of the prescribed displacement 
and thermal loads) is applied to x* fc \ and a shape change 
analysis is performed to determine the current design con¬ 
figuration x**» of the beam. Then, the real loads T* are 
applied to x* 4 1 the real analysis is performed to evaluate 
the real response S 1 *; and the maximum bending stress 
is determined. At this point the mass is evaluated over 
X**. Next, G is assembled; its components consist of the 
mass and the maximum bending stress. As the values 
in <p change, the design configuration x* 4 » is modified, 
and the value of G is altered. To determine the <p that 
will minimize mass and satisfy the stress constraint an 
optimization algorithm is used. 

Most numerical optimization strategies are iterative. 
The existing design configuration x* 4 i ls modified; and 
G is re-evaluated on the modified structure. The design 

sensitivities must also be evaluated for each iteration. 
Sensitivity information is used by the optimizer to select 
the direction of the design variation 6<p , that will produce 
the most improved design. The magnitude of 6<p is deter¬ 
mined by one of several methods [17]. Once 6<p is known, 
the design is updated to <p = <p + &<p ; and the next design 
iteration commences. After several iterations, the magni¬ 
tude of 6<p becomes small; at this point, the program has 
converged to the optimized design. 

In the present approach, one shape change analysis is 
performed for each design iteration to determine the de¬ 
sign configuration x* 4 - These time consuming analyses 
represent one serious drawback of natural design variable 
method. However, if the shape change problem is linear, 
only one shape change analysis is required throughout the 
design process. We use superposition to define current 
configuration x* 4 for each subsequent design iteration, 
i.e. 

X - = X* + u$ +£««$.?. (2) 

ost 

where is the displacement field on x** obtained by 
equating <p in T d to zero; and is the displacement 
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field on Xk> obtained by equating p a in T d to one, and 
equating all the remaining parameters in 0 and p to zero. 

In all, this requires N + 1 analyses to determine the dis¬ 
placement fields defined in equation (2). If the finite el¬ 
ement method is used to solve the shape change prob¬ 
lem, then this amounts to one stiffness matrix assembly 
and decomposition followed by N + 1 load vector assem¬ 
blies and back substitutions for all design updates. In the 
updated-Lagrangian shape representation approach, the 
base configuration is updated after each design iteration. 
This requires a stiffness matrix assembly and decomposi¬ 
tion followed by N + 1 load vector assemblies and back 
substitutions for each design update. Thus, in the total- 
Lagrangian shape representation formulation, significant 
computational advantages are obtained. Comparisons 
between finite element meshes created by the updated- 
Lagrangian and total-Lagrangian methods exhibit subtle 
differences [5]. Thus, the total-Lagrangian method may 
be preferred in light of its efficiency. In [5], the base de¬ 
sign is updated periodically during the optimization. 

Consider the case where we wish to design several com¬ 
ponents which are characterized the same base configu¬ 
ration but different values of 0, i.e. they have different 
dimensions. If the shape change problem is linear, we 

express u£ as 

u i = (3) 

0=1 

where is the displacement field on x* k obtained by 

equating 4> 0 in ? d to one, and equating all the remaining 
parameters in <t> and p to zero. This equation requires 
the solution of M additional analysis. In finite element 
method implementations, M additional load vector as¬ 
semblies and back substitutions are required. In all, one 
stiffness matrix assembly and decomposition, followed by 
M + N load vector assemblies and back substitutions are 
performed for the shape change analysis. After this initial 
analysis is completed, we can readily obtain the design 
configuration that corresponds to any <t> - p combination 
from equations (2) and (3); no re-analysis is necessary. 

To evaluate the sensitivities *£ we follow the approach 
used in [18, 15]. Therein, explicit sensitivities of a general 
response functional are derived with respect to the vari¬ 
ations of both shape and non-shape design parameters. 
Domain parameterization is used to derive shape sensi¬ 
tivities [19]. In this technique, an invertable mapping 
is introduced which relates the undeformed configuration 
to a fixed reference configuration and a finite set of de¬ 
sign parameters. The shape sensitivities are expressed 
in terms of the explicit variations of the mapping. In 
[11, 12, 13, 14] the mappings are defined by Bezier and 
parametric curves and surfaces [20]. Variations of interior 
line and surface points with respect to control point vari¬ 
ations are readily determined for these mappings. Once 
these explicit variations are known, the shape sensitivity 
analyses can be performed by following the procedures 


outlined in [18, 15]. As noted in [15], if the number of 
design parameters exceed the number of constraint func¬ 
tionals the adjoint sensitivity method requires less anal¬ 
yses than the direct differentiation method and should 
be used; otherwise the direct differentiation technique is 

preferred. 

When the natural design variable method is used, addi¬ 
tion consideration is required to evaluate the shape sensi¬ 
tivities. Here, equation (1) defines the invertable mapping 
X d = X*(X*, y?), that relates the undeformed configura¬ 
tion Xk* to the reference configuration x* h anc ^ 
parameters p . The problem arises when we attempt to 

determine the explicit variations of this mapping. X 
is implicitly defined by <t> and a boundary-value problem; 

thus the explicit variations of the mapping S f£-6<P are not 
readily available. To determine ^ consider the identity 

dx d _ 3(X t + u d ) 

dp ~~ dp 

= s -f «> 

op 

derived from equation (1); recall that X* is constant. 
211±. is the partial derivative of the shape displacement 
field with respect to the design vector <p. This term can 
be obtained by using the direct differentiation method 
described in [15]. Thus, two sensitivity analyses are re¬ 
quired at each design iteration when the natural design 
variable method is implemented. First, a direct differenti¬ 
ation design sensitivity analysis of the shape change prob¬ 
lem (defined on x*‘ w ^ h loads is used to determ,ne 
2Ui. Once ^ is known, a second, adjoint (if L < N) 
redirect differentiation (if L > N) sensitivity analysis is 
performed for the real problem (defined on X*. with loads 

aG* 

T T ) to determine “gj-. 

The fact that two sensitivity analyses are required for 
each design iteration represents the second serious draw 
back of the natural design variable method. Fortunately, 
these sensitivities can be obtained in an efficient manner 
if the finite element method is used. In the real sensitiv¬ 
ity analysis, a minimum of L or N load vector assemblies 
and back substitutions are required to determine 
These analyses are performed using the decomposed tan¬ 
gent stiffness matrix from the real analysis. The form of 
the load vectors and the means for evaluating the sensitiv¬ 
ity 2j£. is given in [15]. However, before these sensitivities 

are evaluated, ^ must be determined. This requires N 
additional load vector assemblies and back substitutions. 
These N analyses use the decomposed tangent stiffness 
matrix from the shape change problem. Each of the N 
load vectors is obtained by equating ip a in ? t0 one > and 
setting all the remaining parameters in <t> and to zero 
(see [15] for details). The resulting N displacement fields 

equal the sensitivities f^"> a — 1.^- 

The natural design variable method requires one shape 
change analysis to determine the displacement u d and 
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one sensitivity analysis to evaluate the sensitivities 
at each design iteration. In the finite element context, 
this requires one additional stiffness matrix formulation 
and decomposition, followed by jV +1 additional load vec¬ 
tor assemblies and back substitutions in addition to the 
real analyses used to evaluate S r and -gj- at each design 
iteration. Thus, a significant computational penalty is 
paid. 

This computational penalty is significantly reduced if 
the shape change problem is linear. As previously noted, 
one analysis is performed and then superposition is uti¬ 
lized to evaluate n d (cf. equation (2)). In addition, we 
will show that no additional analysis is required to eval¬ 
uate the sensitivity For this linear problem, the 

tangent stiffness matrix is constant, i.e. independent of 
u 4 ; and from [15] it is seen that 

£■< *- , - w <5) 

where u d a are the displacement fields which have already 
been evaluated in equation (2). 1 Thus, no shape change 
sensitivity analysis is required. In all, to evaluate the 
deformed configuration \k 4 and sensitivities for all 
design iterations, only one stiffness matrix assembly and 
decomposition, followed by a total of M 4- N load vector 
assemblies and back substitutions are performed. The 
current design configuration is obtained from equations 
(2) and (3); and the sensitivities are evaluated from equa¬ 
tion (5). Further, no additional shape change analyses 
are required to optimize designs with different <t> values; 
i.e. only one shape change analysis is performed to opti¬ 
mize any design created from x*For the linear shape 
change problem only a small computational penalty is 
paid when we incorporate the natural design variable 
technique with the total- Lagrangian shape representa¬ 
tion. In the updated-Lagrangian shape representation, 
this computational savings is not realized. 

We are now in position to outline the optimization al¬ 
gorithm which utilizes the sequential linear programming 
strategy [17]. Initially, a base design configuration Xk * is 
chosen; the geometric constraints <j> are specified; a start¬ 
ing value of the design variables <p is selected; and the real 
load field T* is supplied. For each design iteration, the 
design load field T d is assembled; a shape change analysis 
is performed to evaluate the shape displacement field u d 

and the sensitivities the current design configuration 
X K * is updated from equation (1); the real response S** is 

determined; the constraint vector G and sensitivities 
are evaluated; and the optimizer is called. The design pa¬ 
rameters in p are modified by the optimizer and the pro¬ 
cess is repeated until the design converges. If the shape 
change problem is linear, then the shape change analysis 
is initially performed, rather than at each design itera¬ 
tion, to evaluate the displacement fields (3 = l,iVf 

1 These sensitivities are consistent with those appearing in [2]. 


and a = l t N. At each design iteration, the 

current design configuration Xk 4 * s updated from equa¬ 
tions (2) and (3). 

2.2 PARAMETRIC DESIGN STUDY 

In a parametric design study, a portion of the aforemen¬ 
tioned algorithm is used. The base design configuration 
X**, is supplied and is subsequently deformed by applying 
the load set T d . <j> is chosen to ensure that the appropri¬ 
ate geometric design and manufacturing constraints are 
satisfied. The elements of p comprise the design param¬ 
eters. For each p, the design load field T d is assembled; 
a shape change analysis is performed; the current design 
configuration x** is updated from equation (1) 2 ; the real 
response S? is determined; and the constraint vector G 
is evaluated. Plots or tables of performance verses de¬ 
sign parameters are then used to choose possible design 
candidates. No sensitivity information is required. 

When the finite element method is used to perform the 
analyses, this procedure creates the finite element mesh 
for each of the varied designs. For this reason, it is viewed 
as a mesh generator [1], If large geometric changes or 
topological changes are desired, then the base design must 
be altered. If a mesh generator is used, additional cod¬ 
ing is required to reflect any such changes. Most likely, 
changes to the base design can be performed more easily 
than changes to the mesh generation program. 

2.3 SIDE NOTES 

The format of the optimal design algorithm is not unique. 
Here, sequential linear programming is utilized. Other 
possibilities are sequential quadratic programming or the 
modified method of feasible directions [17]. In these meth¬ 
ods, an inner 1-dimension search loop is used to determine 
the magnitude of the design variation vector 6p. In this 
loop, the the design variables are modified and the value 
of the constraint vector G is re-evaluated; no gradient 
information is requested. Often, rather than performing 
a complete reanalysis to determine G, efficient approx¬ 
imate problems are created to predict these values, for 
example see [21]. 

The means for evaluating the shape sensitivities 
is not unique. The material derivative approach [22] or 
semi-analytical approach [23] are also viable options. All 
of these approaches yield identical results when used cor¬ 
rectly. 

Several techniques have been suggested to reduce com¬ 
putational requirements. In [3] it is noted that softer ma¬ 
terial properties for the shape change analysis may lead 
to faster convergence of the optimization. It is suggested 
in [1,5] to use substructuring when performing the shape 

3 If the shape change problem is linear, the displacement fields 
U^, /? = l,M and or = 1 ,N are evaluated once; and the 

current design configuration x K * ** updated from equations (2) and 
(3). 
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Figure 1: Cantilever beam base design. 

change analysis. In this way, the shape change analyses 
can be performed more efficiently if a portion of the finite 
element model is held fixed during the design process. 

Finally, note that this methodology is not restricted to 
the finite element method, or structural problems. Any 
means may be used to evaluate the system’s response, 
and the response for any system which is governed by 
geometric entities (e.g. heat transfer and fluids problems) 
can be optimized or studied in a parametric manner. 

3 EXAMPLES 

Two example problems are presented in this section. A 
cantilever beam is elongated to meet new design spec¬ 
ifications; and then it is optimized to reduce volume 
and satisfy stress constraints. In a similar problem, an 
automobile crankshaft is optimized. In all cases, the 
displacement-based finite element method is used to per¬ 
form the analyses; and sequential linear programming is 
used to perform the optimization. 

3.1 CANTILEVER BEAM 

Consider the finite element model of a cantilever beam 
shown in figure 1. The beam is fixed at the wall and sub¬ 
jected to a distributed transverse tip load of 10,000N. The 
isotropic beam has a Young’s modulus of 1.0 x 10 MPa 
and a Poisson’s ratio of 0.3. The length, width, and 
height of the beam is 50mm, 10mm, and 20mm, respec¬ 
tively. The finite element model consists of 80 8-node 
bilinear hexahedrons, 189 nodes, and 540 degrees of free¬ 
dom. Current design requirements limit the maximum 
allowable bending stress magnitude to 3000 MPa. A sim¬ 
ilar problem appears in [24, 11). 

For the current design problem, the beam is required 
to be 60mm long and 10mm wide; only the height is al¬ 


Figure 2: Cantilever beam initial design. 

lowed to vary. The existing finite element model, i.e. 
the 50 x 10 x 20mm beam, shown in figure 1, is used 

as the base design configuration x* k - To meet the 8*°" 
metric design constraints, prescribed displacements with 
magnitude 10mm are applied in the positive x-direction 
to the free end of the beam; the side surfaces are con¬ 
strained in the x-direction; the fixed end is constrained in 
the x-direction; and the bottom edge of the fixed end is 
constrained in the y-direction. The parameters describe 
ing these prescribed displacements are the elements m <t>. 
The first parameter = 10 = 60-50, defines the beam’s 
length; the second parameter <h = 0 = 10 - 10, defines 
the width. 

The design variables in describe thermal loads that 
are applied during the shape change analysis. Moving 
from left to right, eleven regions , y = 1,11 which 
consist of elements 1-8, 9-16, 17-24, 25-32, 33-40, 41-48, 
49-56, 57-64, 65-72, 73-76, and 77-80 are defined. Each 
region is characterized by distinct coefficients of thermal 
expansion; thus each region is subjected to different ther¬ 
mal strains E ld . The eleven coefficients comprise <p. The 
temperature of the body is uniform, 1®C. Initially, is 
zero; ultimately, it is defined by the optimization algo 

rithm. ... • c o 

The initial design configuration is shown in ngure i. 

This beam is slightly thinner than the base configuration 

due to the Possion’s effect. Results of the real analysis in 

which the initial design configuration is subjected to the 

tip load are shown in figure 3. This contour plot depicts 

the bending stress magnitude. As seen from this figure, 

the beam is greatly over designed. .... 

To reduce the beam’s volume a shape optimization is 
performed. The objective function is the volume and the 
constraints are the normalized bending stress less one (a 

J( \* „,<! ( )» denote qualities defined in the design configura¬ 
tion x„. and but configuration X«». respectively. 
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Figure 3: Cantilever beam initial design stress contours. 
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negative constraint value denotes constraint satisfaction). 
The stress is evaluated at the nodes using nodal averag¬ 
ing techniques. We use symmetry to define the stress 
constraint locations. The node positions along the top 
surface, specifically the center line and one edge, of the 
beam are chosen; a total of 42 constraints are defined. 

A linear shape change analysis is performed for this 
problem. Before the first design iteration the stiffness ma¬ 
trix used for the shape change analysis is assembled and 
decomposed once. The displacement fields /3 = 1,2 

and a = 1,11, are computed as discussed in 

the last section. A total of thirteen load vector assemblies 
and back substitutions are required. 

For each design iteration, equations (2) and (3) are used 
to update the current design configuration. A real anal¬ 
ysis is performed over \* 4 evaluate the real response 
resulting from the tip load. The constraint vector G and 

sensitivities are subsequently evaluated. Finally, the 
optimizer is called; and p is updated. 

Results of the optimization appear in figures 4-6. 
These figures depict the optimized configuration, the 
stress contours at the optimal configuration, and the de¬ 
sign history. The top and bottom surfaces, with the 
exception of the base and tip regions, are maximally 
stressed. The volume is reduced from an initial value 
of 10.97142 cm 3 to 4.38744 cm 3 . 9 design iterations were 
required, although convergence was reached after itera¬ 
tion 7. A total of 93.28 CPU seconds were required on 
a single processor of a CRAY XM-P computer. A ma¬ 
jority of the computational expense was spent computing 
the shape sensitivities a = 1,11. This result closely 

resembles the theoretical solution given in [11]. 

Suppose we now wished to optimize a beam 70mm long 
and 15mm wide. No additional shape change analyses 
would be performed. <j>\ and fa are equated to 20mm 




Figure 4: Cantilever beam optimal design. 
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Figure 5: Cantilever beam optimal design stress contours. 
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Figure 6: Cantilever beam optimization history. 
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Figure 7: Constrained cantilever beam optimal design. 

and 5mm, respectively; and the optimization process is 
repeated. It may be advisable to initialize the starting 
value of p for the 70mm beam optimization to the opti¬ 
mized value of f obtained from the 60mm beam design. 
This initial guess may lead to quicker convergence, hence 

reduced computational expense. 

As a second exercise, the same problem is optimized. 
However, this time, additional geometric manufacturing 
requirements are specified that restrict the beam s top 
and bottom faces to consist of four piece-wise planar sur¬ 
faces. One way to maintain this piece-wise planar condi¬ 
tion is to apply nonlinear multi-point-constraints to the 
previous shape change problem. The form of these con¬ 
straint equations are given in the appendix. Figures i 
- 9 are analagous to figures 4-6 for the first problem. 
In this latter problem, the optimized volume is slightly 
greater, 4.39131 cm 3 , possibly due to the shape restric¬ 
tion. The optimization required 8 cycles, although con¬ 
vergence was reached after 6. Computational require¬ 
ments for this problem were considerably greater, 140.1s 
even though fewer iterations were required. The increase 
is attributed to the nonlinear shape change problem. 
Several Newton-Raphson iterations are required to com¬ 
pute the shape displacement u d at each design iteration; 
then eleven additional load vector assemblies and back 
substitutions are performed to evaluate the sensitivities 

|Sll, osl.ll. 

As an alternative, we could have eliminated the non¬ 
linear multi-point constraints by carefully applying pre¬ 
scribed displacements over the planar surfaces. These 
displacements would be prescribed at the plane interfaces 
and vary linearly over the adjacent planes (in a manner 
similar to that in which prescribed displacements are en- 

<N online &rilie* are introduced via the multi -point-constraints. 
All remaining relationships are linear (eg. stress-strain, strain- 
displacement ). 
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Figure 8: Constrained cantilever beam optimal design 
stress contours. 
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Figure 10: Automobile crankshaft original design. 
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Figure 9: Constrained cantilever beam optimization his¬ 
tory. 


forced over linear finite elements). In this case, the shape 
change problem is linear and the values of the displace¬ 
ments represent the design variables. 

3.2 AUTOMOBILE CRANKSHAFT 

In this problem, an existing automobile crankshaft is re¬ 
designed to reduce weight and maintain the original de¬ 
sign's stress levels. To perform the analyses, the natu¬ 
ral design variable concept has been implemented in the 
general purpose GM optimization code, ODYSSEY. The 
shape optimization portion of this program is similar to 
that of the SHOP3D program [26]. 

The original design and response is illustrated in figure 
10. Symmetry has been used to reduce computations. 
The model consists of 1357 linear solid elements and 1636 
nodes. The contour plot illustrates the major principal 
stress under a bending load. The load results from the 
gas forces that are transmitted to the pin journal via the 
piston and connecting rod. The main bearing journal 
(with the cored section) is constrained by the engine block 
and bearing caps. 

Only the arm section geometry is allowed to vary dur¬ 
ing the optimization. All three degrees of freedom of the 
main and pin journals and the refined fillet area and the 
radial degrees of freedom of the core are fixed by applying 
homogeneous boundary conditions. The bottom width of 
the arm is also fixed, as a counterweight is attached to 
this region. The shoulder region around the pin journal 
is fixed by constraining the fillet region. The shoulder 
region around the main journal is similarly constrained. 

The design loads consist of 42 thermal load sets and 
2 prescribed displacement sets. All of the load sets were 


230 






quickly created by using an interactive finite element pre¬ 
processor program. The thermal loads are defined by ap¬ 
plying unit nodal temperatures to sub-regions of the arm. 
The thermal expansion coefficient is constant throughout 
the crankshaft. Unit prescribed displacements are applied 
to the surface nodes opposite the plane of symmetry in the 
front view (lower left) in the transverse direction. Only 
those nodes which are not attached to the two shoulders 
are loaded. All the nodes in the axial direction are given 
the same prescribed displacement. In all, two displace¬ 
ment sets are defined. The nodal temperature values and 
the prescribed displacement values are used as the de¬ 
sign variables and adjusted during the optimization. In 
the shape change analysis, one stiffness matrix decom¬ 
position and 44 back substitutions are performed. The 
analysis is linear and hence, it is performed only once. 

The constraints consist of the maximum nodal major 
principal stress for each element, except those adjacent to 
the load application point. In all 1350 constraints were 
defined, however only 5-6 were active during the opti¬ 
mization. Eight optimization iterations were performed, 
after which several elements experienced undesirable dis¬ 
tortions so the optimization was terminated. 

The results of the optimization are seen in figure 11. 
The total mass reduction is 8.89%. This is computed 
over the entire model, so the arm mass reduction is con¬ 
siderably higher. The maximum stress was also slightly 
reduced. It is seen that mass is added opposite the lower 
pin and subtracted opposite the upper pin and main. It 
is also noted that the width of the arm is reduced. How¬ 
ever, it is believed that this arm reduction will lead to an 
increased torsional vibration. Ideally, the optimization 
should account for both the bending and torsional load 

cases. 

The arm surface opposite the pin is fairly rough. This 
area could be smoothed by adding more temperature load 
sets in this region or by using prescribed displacements 
defined from Bezier surfaces as in [5]. The ability to ap¬ 
ply these prescribed displacements is somewhat limited 
as we have access to only the finite element model data. 
Nevertheless, the trends obtained from this exercise give 
designers invaluable information. 

4 Summary 

A shape representation scheme has been presented and 
fully detailed. The method uses the natural design vari¬ 
able concept which has been previously introduced in 
the literature. The total-Lagrangian shape representa¬ 
tion is incorporated which offers distinct advantages over 
the previously used updated-Lagrangian representations 
if the shape change problem is linear. The representation 
can be used for shape optimization and parametric de¬ 
sign studies; and it is applicable to any problem which is 

governed by geometric entities. 

When the finite element method is used to perform the 
analyses, then the shape change problem can be easily 



Figure 11: Automobile crankshaft optimal design. 


created by applying additional load sets to the existing 
finite element mesh. These load sets can be created by us¬ 
ing commercially available finite element pre-processors. 
On the other hand, if the shape representation relies on 
hierarchical parametrization methods, then the design 
model may be more difficult to create as no commercially 
available software has been developed for this purpose. 
For linear shape change problems, the additional cost to 
implement the shape representation amounts to one stiff¬ 
ens matrix formation and decomposition followed by nu¬ 
merous load vector assemblies and back substitutions. 

In the example problems, thermal loads were applied to 
deform the base configuration into the optimally shaped 
design. Thermal loads were chosen to create a local¬ 
ized deformation in the structure. In the cantilever beam 
problem, the optimized designs appeared to be maximally 
stressed and convergence was reached after a few itera¬ 
tions. It was seen that the nonlinear shape change prob¬ 
lem required a considerable amount of additional CPU 
time as compared to the linear shape change problem. In 
the automobile crankshaft problem, mesh distortions led 
to an early termination. Nonetheless, the modified design 
was considerably improved. 
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6 APPENDIX 

A constraint equation which constrains an independent 
point to lie on a plane defined by three dependent points 
is defined as follows. 

Initially the points X a , a = 0,3 are coplanar. Xo is the 
dependent point and lies on the plane defined by the three 
independent non-collinear points. Each point displaces 
by the amount u a , a = 0,4 under a deformation and the 
new point locations are defined X^ = X 0 + u 0 , a = 0,3. 

After the deformation, the point Xq is constrained to 
lie on the plane defined by the points X*, a = 1,3. This 
constraint is met if the the following equation is satisfied 
(25] 

fc(u) = 0 = n' • V' 10 (6) 

where V' a , = X' 0 - XJ,, a t 0 = 0,4 and n' = V' 12 x 
V' 13 /(|V' 12 | |V' 13 |). • denotes the dot product; x denotes 
the cross product; and | | denotes the magnitude. 

The Lagrange multiplier method is used [16] and 
f B phdv is augmented to the generalized potential energy 
function, where p is the Lagrange multiplier. The station¬ 
ary condition of the augmented functional with respect to 
admissible variations of u and p yields the solution to the 
boundary-value problem. This problem is nonlinear due 
to the form of A. Sensitivities for this type of problem 
appear in [15]. 

In the cantilever beam example problem, each plane 
consists of eighteen node points. Three nodes are chosen 
as the independent points, fifteen constraint equations 
are defined to ensure the remaining nodes will lie on the 
plane after the shape change analysis. The element faces 
defined by these nodes remain planer due to the form of 
isoparametric parametric mapping. In all one-hundred 
constraint equations are defined, some equations along 
common edges are redundant, thus they are eliminated. 
Additionally, the nodes along the bottom edge of the fixed 
end are not constrained because of the applied boundary 
conditions. 
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1 Introduction 

Optimal helicopter blade design with computer-based mathematical programming has 
received more and more attention in recent years. Most of the research has focused on 
optimum dynamic characteristics of rotor blades to reduce vehicle vibration, Refs. 1 to 
4 There is also work on optimization of aerodynamic performance, Ref. 5, and on com¬ 
posite structural design, Ref. 6. This research has greatly increased our understanding of 

helicopter optimum design in each of these aspects. 

Helicopter design is an inherently multidisciplinary process involving strong interactions 

among various disciplines which can appropriately include aerodynamics, dynamics (both 
flight dynamics and structural dynamics), aeroelasticity (vibrations and stability), and 
even acoustics. Therefore, the helicopter design process must satisfy manifold requirments 
related to the aforementioned diverse disciplines. In our present work, we attempt to 
combine several of these important effects in a unified manner. First, we design a blade 
with optimum aerodynamic performance by proper layout of blade planform and spanwise 
twist. Second, the blade is designed to have natural frequencies that are placed away 
from integer multiples of the rotor speed for a good dynamic characteristics. Third, the 
structure is made as light as possible with sufficient rotational inertia to allow for autoro- 
tational landing, with safe stress margins and flight fatigue life at each cross-section, an 
with aeroelastical stability and low vibrations. Finally, a unified optimization refines the 

solution. 


2 Mathematical Formulation 

For an optimal design process of a helicopter, our mathematical formulation can be 

posed as a constrained minimization problem. 

The baseline configuration used for the rotor blade is a box-beam model, Ref. 2. The 
primitive design variables for the box beam are its width, its flange thickness, and its 
web thicknesses. Two additional primitive design parameters allow for further freedom in 
weight distribution. These seven design parameters (along with given material properties) 
define the blade mass and structural properties. Naturally, they are constrained such that 

the pieces must fit within the aerodynamic envelope. 

The first phase in our multi-disciplinary design of rotor blades is to improve the aero¬ 
dynamic performance. The objective function is chosen to be the power required for the 
main rotor in hovering flight. In the aerodynamic performance analysis, the blade chord 
and twist are chosen as design variables. In the current study, we do not confine ourself to 
linear twist or taper only. A more general distribution is assumed. The chord and twist 

are expressed in the following polynomial form 

C(f) = * + Cl (f - 0.75) + c,(f - 0.75) 3 + •• • (1) 

0(f) = 0 O + - 0.75) + - 0.75) J + • • • (2) 

By doing this, the distribution coefficients Co, c l5 •••, and 8 0 , 8 U and etc. become design 

variables. Therefore, we create an opportuity to test various types of possible chord and 

twist distributions for an optimum aerodynamic design. 
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For the second phase of optimization, we work on blade natural frequency placement. 
A finite element approach with coupled blade flapping, lead-lag, and torsion motions is 
applied as an eigenvalue analysis. In the current study, our goal is to keep the frequencies 
away from resonance with rotor speed harmonics up to the ninth mode. The prescribed 
windows are set up such that each of these frequencies is away from any integer multiple 
of rotor rotational speed. Because stress and flutter are important aspects of the current 
optimization process, the yield stresses and fatigue life, as well as classical bending-torsion 
flutter of the blade have been added as constraints in the optimization. 

The CONMIN optimization code has been used as optimizer. It is a first-order pro¬ 
graming method that uses a feasible search direction obtained from a compromise between 
gradients of objective function and imposed constraints. Initially, we tried a unified ap¬ 
proach where we chose the power required in hover as the objective function with all 
contraints (autorotational inertia, blade natural frequencies, stress at each cross section, 
chordwise c.g., and side constraints on design variables). We wanted to obtain an opti¬ 
mum solution in one single run; but, this approach failed. The optimizer stops after it has 
been unable to obtain desired improvements in the objective function within a reasonable 
number of iterations. 

Thus, we decided to phase the whole optimization process into several stages. First, 
we use power required in hover as the objective function with autorotation inertia as a 
constraint. Therefore, the blade chord and twist distributions, together with the lumped 
mass, are applied as design variables. After the performance optimization, the blade chord 
and twist have changed significantly, thus resulting in a significant shift in blade natural 
frequencies. It is then necessary to perform blade frequency-placement optimization to 
bring them back into the prescribed windows. Next, we turn to minimize the rotor power 
with all constraints (frequencies, stress, chordwise c.g.). Because blade weight is a strong 
contributer to power required (for a given payload) and because the aerodynamic taper and 
twist are already near optimum, this last phase is equivalent to minimizing weight. Thus, 
at the end, we reach our overall objective (i.e., an optimum aerodynamic performance, 

properly placed blade natural frequencyies, satisfied blade sectional critical stresses, and 
free of aeroelastic instabilities). 


3 Results and Discussion 

The results obtained thus far show the interactions among aerody&nmic performance, 
blade dynamics properties, and cross sectional stresses. Figures la-ld present hover per¬ 
formance optimization results. As shown, the mathematical optimizer, like a helicopter 
design expert, knows exactly how to make a tapered blade to reduce power required while 
maintaining thrust needed to lift the vehicle. The original blade has a -8° twist which 
offers quite good performance (Figure of Merit is 0.76). However, the optimization process 
has been able to gain more benefit through taper. A 4% saving in total power required and 
a Figure of Merit of 0.7892 axe achieved from the optimum design even though the original 
design, as mentioned, had a high Figure of Merit* Figure lc shows that the inboard section 
has smooth blade loading. Thus, as expected, the power required varies in its distribution, 
with less power consumed at the tip region (which is critical for the reduction of power 
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consumption while maintaining the specified lifting capacity), Fig. Id. These figures also 
compare the linear, parabolic, and cubic chord and twist designs. It is noted that we 
obtain a curve-shape blade planform for both parabolic and cubic designs. The chord is 
not decreased all the way to the tip. Instead, we have a cup-shape there. It is interesting 
to know that we achieve almost the same final Figure of Merit (close to 0.79) for the de¬ 
sign with either Unear or higher-order chord and twist variations This is to say that the 
Unear twist and tapered blade produces the essential gain for aerodynamic performance. 
At least, this conclusion is true for hovering flight. It remains to be tested in forward 
flight. The higher-order distributions do have a faster convergence rate in the numerical 
design process than the Unear case. Since rotor performance is very sensitive to the blade 
tip loading, it is interesting to examine different tip loss formulas. Fig. 2 compares the 
optimized results with Prandtl, Wheatley, Wald, and Peters tip loss approaches. Prandtl’s 
and Peters’ formulas yield similar design; Wheatley’s formula produces more taper at the 
tip; and Wald’s formula gives a relatively poor design. 

Strong interactions exist between aerodynamic performance optimization and the tai¬ 
loring of blade structural dynamics since the changes in both chord and twist distributions 
significantly affect blade natural frequencies and mode shapes. Table 1 compares the blade 
natural frequencies before and after aerodynamics optimization. Large frequency shifts oc¬ 
cur on all higher frequency modes. For example, nondimensional frequencies of 1st torsion, 
and 4th and 5th flapping modes change by more than 15%, and even shift into another 
frequency window. To accompUsh optimum design with respect to both aerodynamics and 
dynamics, we need to bring these shifted frequencies into prescribed windows. The results 
from the two-step frequency placement are presented in Table 1. As shown, all frequencies, 
except the 5th flapping mode, are successfully brought into the windows, even though they 
have been shifted greatly. The 5th flapping frequency is slightly off the window, but it is 
going in the direction toward the inside of the window at each iteration. It just converges 
slowly. 

Both yield and fatigue stresses at each blade cross-section have been imposed as con¬ 
straints to insure no structural failure due to excessive stresses for final optimum design. 
Figures 3a and 3b show static and critical stress distributions for the initial blade struc¬ 
ture, the optimal aerodynamic performance design, and the final multi-displinary design 
with stress constraints. The optimal aerodynamic performance design (dashed line) has 
a significant impact on blade cross-section stresses. In particular, large stresses occur 
around the critical stress region (55% to 87% radial stations) as compared to the initial 
design (doted line). Optimization with stress constraints (solid line) improves the design 
around this critical region. Figure 3c compares the total critical stress distribution for 
the optimum design with and without stress constraints. The optimum design without 
stress constraint has a poor fatigue life, with possible structural fatigue failure (at about 
82% radial station); but the optimum design with proper stress constraints has lowered 
the total blade cross-section stresses, offering a safe fatigue life for the optimally designed 
blades. 

To summarize, the optimal aerodynamic performance in hover and proper rotor blade 
natural frequencies have been achieved with constraints on autorotational inertia, blade 
chordwise c.g. and blade sectional critical stresses. This has been done by a proper division 
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of the design optimization into stages. The paper presents various types of taper and 
twist for optimal aerodynamic performance and shows significant influence of the optimum 
aerodynamic design on the blade dynamic properties and cross-sectional stresses. 
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Table 1 Frequency Variations 


| Items 

Original 

After 

Aero. Opt. 

Frequency 

Placement (1) 

Frequency 

Placement (11) 

Minimization 

inplane-lit 

0,4745 

■W 

| 0.4725 

0.4756 

” 0.4756 

flapping-lit 

1.0278 

1.0236 

1.0247 

1.0252 

1.0252 

flap ping-2nd 

2.7509 

2.7740 

2.7323 

2.6860 

2.6840 

| tortion-lst 

| 4.1327 

5.2148 

4.8270 

4.7000 

4.7000 

flapping-3rd 

4.9585 

4.6968 

4.5632 

4.5474 

4.5439 

is plane* 2nd 

6.7869 

6.0735 

5.8591 

5.8382 

5.6458 

flapping-4th 

8.1068 

6.9694 

8.7932 

6-6843 

6.6635 

j flappwg-5th 

12.1960 

10.4555 

10.0148 

9.7735 

9.7499 

| torsion-2nd 


12.8909 

12.8919 

13.4074 



201 

199 

212 


221 

J Autorotation 

12453 

12581 

13609 

14516 

14432 
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ABSTRACT 

The general problem of optimization with arbitrary merit and constraint functions, which could be convex, 
concave, monotonic or non-monotonic, is treated using stochastic methods. To improve the efficiency of the random 
search methods, a genetic algorithm for the search phase and a discriminant function for the constraint-control 
phase were utilized. The validity of the technique is demonstrated by comparing the results to published test 
problem results. Numerical experimentation indicated that for cases where a quick near optimum solution is desired, 
a general, user-friendly optimization code can be developed without serious penalties in both total computer time 

and accuracy. 

INTRODUCTION 

Several commercially available optimization programs with particular application to aircraft structures and perfor¬ 
mance have been in use for decades. A great majority of these programs are deterministic and based on mathematical 
nonlinear programming algorithms. They also require the evaluation of at least the first derivative of several func¬ 
tions involved in the calculation, user decision for the step lengths and, monotonic functions for best results. Several 
methods have also been tried to avoid the local optimum versus the global optimum handicap. On the other hand 
the most important argument against the stochastic search procedures is their inefficiency and impracticality for 
meaningful real world problems involving very large number of design variables and constraint functions. With the 
new computer capabilities, both the memory requirements and the execution time lengths for even the most complex 
optimization problems ceased to be decisive factors for the chioce of solution methods. Thus the total engineering 
time required for a feasible optimum solution became the most important parameter. Random search methods are 
inherently easy to use and do not require special engineering expertise, therefore improvement efforts were directed 
mainly to the savings in the computer CPU+RESOURCE times. Replacement of the total unbaised random search 
with more logical improvement methods such as the genetic algorithm method dates back to the Fogel s original 
dissertation titled M Artificial Intelligence Through Simulated Evolution ”[1] and since then it has been subjected to 

several studies [2,3,4]. 

As of this time the authors are not aware of the existence of a complete mathematical proof of convergence for 
the genetic algorithm methods, only numerical results showing convergence are available, and they are promising. 
The other important cost saving area is in the time spent on checking the design points against the constraint 
functions to decide whether they are acceptable or not. A method based on the discriminant function idea has been 
utilized to reduce the effort of checking against the actual constraints by replacing them with a hyper separation 
surface [5,6]. By minimizing the risk of accepting an unacceptable design point or rejecting an acceptable point this 
quasi-constraint technique provided time saving solutions. 

DEVELOPMENT OF THE SEARCH PROCEDURE 

% 

The procedure has four phases: 

1. Initial grid sampling and evaluation. 

2. Establishment of the Discriminant function, which is to be utilized as a Quasi-constraint function. 

3. Generation of new design points via genetic algorithm, and evaluation with the discriminant function. 

4. Control of final near-optimum design points with actual constraints. 

1. Initial Grid Sampling 

In an optimization problem involving n variables the design point A' (x j, x 2 ,..., r n ) is the member of the design 
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set S, which contains all the possible combinations of the design parameters. S can also be considered as an n 
dimensional volume in a design space bounded by the side constraints. This hyper volume is divided into two regions 
called the region of acceptable design points A and the region of unacceptable design points U. Both A and U are 
assumed to be non-muitiply-connected regions. In other words all the main constraints can be combined into a 
single hvpersurface dividing the two regions. 

By pardoning each design parameter into t parts. t n cells can be formed in 5 and, assigning one X to the center of 
each cell initial grid sampling can be performed. This type of a uniformly distributed sampling provides information 
in an unbaised manner about the whole space. 

2. Establishment of the Discriminant Function 

The initial sampling provides a set of points in the region of acceptable points and another set in the region of 
unacceptable design points. Since both regions are not multiply connected these two sets are disjoints and a criterion 
can be obtained to distinguish between the elements of these two sets. By using linear programming techniques a 
hyper surface can be found that separates the region of acceptable points from the region of unacceptable design 
points. This hypersurface then can be used to replace the actual main constraint hyper surface for checking new 
design points. The main idea here is the utilization of the information obtained during the grid sampling phase to 
create an artificial constraint surface which is much easier to check against than the actual constraints. Mathematical 
derivations involved in the discrimination technique are given in Appendix I and reference [7], 

3. Genetic Algorithm 

In this phase acceptable design points with best merit function attributes are selected as the parent population 
for the second generation design points. In most genetic algorithm applications design variables are represented in 
strings of zeros and ones in a binary manner e.g. (0,0,1,1,0,1,0). However in this study actual values of the design 

parameters are interchanged and mutated randomly to produce the characteristics of the new generation of design 
points. 5 

A random number generator is used to decide which parameter of which parent will show up in the next generation 
and what will be the magnitude of the change in that parameter if any. In other words an attempt to mimick the 
randomness of the natural selection procedure has been made. This way each new generation had a chance to inherit 

the best characteristic of their parents, who were already members of the top performance set, but not necessarily 
in the exact magnitude. 

Selection procedure was repeated until no appreciable improvement in the MF can be obtained. In this phase, 
decision of acceptability is based only on the discriminant function filtering. 

4. Final Control 

At the end of the genetic search, final control of the selected near optimum points were performed against all the 
actual constraints to ensure the acceptability of the solution. More than one, acceptable and near-optimum design 

points provided so that the designer will have several alternatives to choose from with similar optimality but different 
design parameter values. 

CONCLUDING REMARKS 

The aim of this study was to illustrate the feasibility of a direct, non-gradient-dependent search method which 
also possesses good economic characteristics such as total engineering and computational expenses. This was achieved 
by short cutting the time consuming constraint checks with the use of discriminant function and, move-direction 
and step-size computations with the use of genetic search. Obviously more numerical experimantation both with 
test problems and, meaningful real life problems are required to improve the present crude attempt. 

Appendix I: Linear and Quadratic Discrimination 

m _ {a V a3 ’ V ’ ,a * * set of acceptable points and U = {ut, u?, ..., u t } of unaccepatable points in 1Z n , we 
would like to determine a A yperplane cx = or separating A and U if possible. If the vector c € 7£ n , a € 'll satisfies 
the conditions: 


O X ^ Or 1 — 1 ,. *, 1 Ic 

UjX >a j = 1 . c 


( 1 ) 

( 2 ) 
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then we say the hyperplane cx = a separates A and U. Assuming such a separation is possible, one can find such an 
hyperplane by solving the linear program (LP): 

max 5 (3) 

c,a,6 

LPi: subject to 

aiC < a -8 i = ( 4 ) 

UjC > ce + 6 j = 1, ..., t (3) 

This LP is always feasible, (0,0,0) is feasible and for any feasible (c, cr, 6) and 0 > 0, /?(c, oc t 6) is again feasible. So 
one needs to add a normalization or boundedness conditions to guarentee that the above LP has a finite optimum. 

One such possibility is as follows: 

(101100 = 1 or -e<c<e ( 6 ) 

where e is a vector of Ts of suitable dimension. Now we can recast LPi with ( 6 ) as 

max 6 

c, at, 6 

LP 2 

subject to: (4-6) 


This LP is always feasible and bounded. Let 

A = 26 = inf{ctij : j = 1, sup{c<it . i *4" 1* • • •» ^ } 

If A > 0 (A < 0) then a linear separation is possible (impossible). When When <5 < 0, if we delete points satisfying 

a + <5<cx<a — 6 


then the remaining points are separable. Thus LP 2 will find the ‘best* separation in the above sense. 


Weighted Linear Separation 

Suppose, furher, we assign weights Wi to aj and to Uj with conditions 

u>» > 0, > 0, and , W = ^ Wi = ^ in' = 1 (7) 

* j 

By introducing slack variables $i and Zj to (4) and (5) we rewrite them as 

a*c — a + <5 + s,* = 0 {=1,..., k ( 6 ) 

UjC — oi — 6 — Zj = 0 7 = 1 , ..., t (®) 

s > 0, z> 0 ( 10 ) 

Because of (7) we have the equation 

Yi «/i(6 + s,; + w 'i ( s + : i ) = 6 + L WiSi + L w i z i■ 

» j 


We can an LP to find the best weighted linear separation as 



max 

e, t, i, a, S 


26 - ^ WiSi - "^2 w'j Zj 


s.t. ( 6 ), (8 - 10 ) 


Clearly LP 3 is feasible and bounded and for any optimal solution A = 26 is the maximum weighted linear separation. 
As before A > 0 means separation is possible, othwerwise it is not possible. 
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Quadratic Separation 

Now we would like to separate the sets A and U with quadratic function 


fix) = x t Dz + c T x - a. 


( 12 ) 


In other words, we would like to determine D 6 ft"*", c 6 ft", a € ft so that /(a,) < 0, Vi and f(u ) > 0 Vi Sine, 

^ r cast thc w —— 


1UCLA 


LP 4 


af£>a,- + of c < a - 6 V i 
+ ujc > a + 6 V j 
1 ^ d,' i ^-l Vi, y 

-l < c, < 1 Vi 


(14) 

(15) 

(16) 
(17) 


f r ible '/r Pl n bC f US ! D f c = °- “ = 6 = 0 « a feasible solution, and it is bounded because of 

Ln reform? r p & > u °V ~u an<J * 0 or c * °)> separation is possible. If separation is not possible we 

can reformulate the LP so that for the new LP will have 6 < 0. A possible method is setting 

dij = ±1 or Cj = ±1 ^ 28 ) 

for some (i, j) or i respectively. 

Clearly a weighted version of LP 4 can be written similar to LP 3 . 

Enclosing the A region by hyperplanes 

Now considerbP, with normalization condition (6) and assume that linear separation is not possible. Then 
0, a - 6 - 0 is an optimal solution. Then one can find a ‘best’ separation by requiring, as in LP 4 

Ci = 1 or a = — 1 


for some i. To fix the notation let us rewrite the resulting LP as: 


LP'(i„,+) 


max <5 


fyc < a — 15 

Vi 

ti;C > Or + 6 

V; 

-1 < c t < 1 

Vi 


(19) 


Ci. 


= 1 


PV Ultin ? hal '.T l _ Ce = {x ■ C ' x $ where 13 an optimal solution of (19). Clearly 

define LPft,,-), and Hr similarly. Then y 


one can 


( n .=i H?) n (n; = , h~ ) 

condition to obtain a bi aetinTof Ih.~ S “ 

APPENDIX II - Results of Numerical Experimentations 

kn’meTZ^tobbLTr^y^ optimization procedure. Tha firs. on. it a wall 

method to a real aeroelaa.ic tailorinsTmblam ' 1 " d “ ‘ ho “ n “ ih °” lh « Ration of the 

The following standard notation will be used: 

XfF = Design Objective function to be minimized 

X = Design vector in an n dimensional space, where n is the number of variables 
Gj = Constraint functions, for both side constraints and main constraints. 
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Test Problem # 1 

X (xi, X 2 » X 3 , X 4 ) 

MF = x? + rf + 2xJ + x; - 5xi — 5x 2 - 21x 3 + 7x 4 

With side constraints —3 < x,- < +3 t — 1,2,3,4 and with main constraints: 

Gs) - xf - x\ - x| - x? - x, + x 2 - x 3 + x 4 + 8 > 0 
Gs) - *i - 2x| - x| — 2 x\ + x\ + z 4 + 10 > 0 
Gi) - 2xj - x| - x| - 2x t -f x 2 + x 4 + 5 > 0 

,,_5? nd Sampll "f C °““ wd of 5 / a total of 625 desi « n points. (53) acceptable, satisfying all the constraints and 
(572) unacceptable, failing in at least one constraint, points were located. The best MF value for an acceptable 

point, obtained from the grid sampling was (-33.84). The discriminant function based on the grid sampling results 
was obtained using a linear programming (LP) type solution described in Appendix I is: 

~,1' 2 — Xl — I -2, — 1-2 < x 2 < 1.2, —2.4 < x 3 < 2.2, —1.2 < x 4 < 2.4 for linear DF and, 

x T Dx < 0 => x 6 A ; x T Dx > 0 => x G U for quadratic DF 

where 


/ 0 1 1 r \ 

D — —1 ® 11 

-1-1 0 1 

\-l -1 -1 0/ 

Genetic Algorithm search consisted of selecting the four accepteble points with best merit functions and cross 
breeding them with a random number generator that picks both the parent and the amount of variation for the 
particular design variable. In this problem max variation was limited to 40 percent. Genetic search results are shown 
in figure 1. At the end fourth generation search, optimum design point was given as: X = (0.000,0.864,2.016 —0 576) 
with MF = —41.48 which corresponds to the best point in the second generation meaning that further cross breeding 
did not improve the solution. True optimum point was X = (0.000,1.000,2.000,-1.000) with MF = -44 00 
Test Problem # 2 

In this problem the design variables are the orientation angles of the plies in a laminated composite box beam 

The box beam represents the mam torque box of a swept-back wing [8). There are several side constraints and 

mam constraints such as the minimum and maximum number of plies, minimum and maximum separation of ply 

angles, plus strength, flutter and divergence requirements; but the main constraint functions are reduced to just one 

constraint involving the required deflection shape of the wing under the given load conditions. The merit function is 

the difference between the required shape of twist and the actual shape of twist obtained for the given design point 
(Figure 2). & r 

^ = (* 1 » x 2 » £ 3i * 4 ) x,* = i = 1 , 2 ,3,4 ( X 4 is taken as x\ 4 * 90) 

6 

MF = I (squired) - ^(obtained) | (for a wing box with six sections) 

> = 1 


Main constraint function G is | (*j (given) - <5j(obtained))/5j (given) (< 0.1 Vj 

The main idea for this aeroelastic tailoring optimization problem is to obtain a twist shape as close as possible 
to the ideal twist shape under a given set of load conditions while satisfying a given deflection shape in addition to 
the usual strength and stiffness requirements. The results are shown in Fizure 2. 

nni_ j: _* •__ /* .• i . • , . , - o 


for linear DF and 


-18.8 ^ X\ < 3 . 2 , 

-52.1 < x 2 < -41.1, 

—128.9 < X 3 

< - 111.1 

and 

x t Dx < 0 => x € A ; 

x T Dx > 0 

=>x£U 

DF where 

/o 

-1 - 1 \ 



D= 1 

0 1 



Vl 

- 10 / 
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1. Introduction. In this paper wc developed and investigated the Newton Method f or solving constrained (non¬ 
smooth) optimization problems. This approach is based on the Modified Barrier Functions (MBF) theory (see 
[4]) and on the global converging stepsize version of the Newton Method for smc\\;h unconstrained optimization 
(see for example [1] ). Due to the excellent properties of the MBF near primal-dual solution, the Newton Modified 
Barrier Method (NMBM) has a better rate of convergence, better complexity bound * n( ) j s muc h morc sla ^| e j n t ^ e 
final stage of the computational process than the methods, which are based on Classical Barrier Functions 
(CBF) (sec [6] and bibliography). 

2. Modified Barrier Function. Let f 0 (x) and —f&x), i = 1, m be convex, /ftx) e ('\| — o, m : R n -»/?’, and there 
exists 

(1) x* = arg min [f^x)jx e Q) 

where fl = {x -.fox) >0, i= l,m) (int fl * ti). I «t {/ :fi(x*) = 0} = {I. r) , A x ) - (/ftr), / = 1, m) f {r) (x) = (/ftjc), 

i— I. H/'ii x ) — grad/^jc), i = 0, m,/'(x) — J(j\x)), f'^(x) = J (f^{x)) the Jacobi matrix of the vector functions 
J{x), f ( Ax) respectively. Because int Q * 0 the Karush-Kuhn-Tucker conditions holds true, i.e., there exists a vector 
u* = (u*,. u* m ) ^ 0 


( 2 ) 


L',(x\ u*) =fVx*) - - 0, flx*)u\ * 0, i 





We also suppose that the standard second order optimality sufficient conditions are fulfilled. 
(3) rank/'„,(**) *r, u* >0, /« l,r 
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(4) 


(L "„(*♦, u*)y,y) 5: My.y), i > 0 Vy * 0 :/'„(*> = 0 


i.e., the problem (1) is nondegcncrate. Let k > 0, ft* — {kf t (x) + 1 ^ 0, i — 1, m }^ft — {x:k In (kf^x) + 1) 
;> 0, i = 1, m) . Therefore, the problem 

( 5 ) x* = argmin {/£(x) | k 1 In (kf,(x) + 1 ) £ 0 , / = 1 , m) 


is equivalent to ( 1 ). 


Let us consider the Classical Lagrangian L (x, u, k) «=/ 0 (x) - k~' £ u, In (fcjftx) + 1) for the equivalent problem 
(5). The Modified Barrier Function, which corresponds to the Frisch Classical Barrier Function <p(x,k) = 
/ 0 (x) - A”’ X, ln/J(x) [ 2 ], we define by formula 

/-i 


xe intftj 
x ¥ int O a 

The MBF properties have been investigated in [4]. Here we are going to mention only the basic facts. Let 
0 < e < min {u* t I i = 1, r), Dfc) — D/(u*, Acq, <5, e) = { 14 : ^ S s, | 14 — u* ( | ^ 6k, k ^ k$ > 0}, / = \,r,-D t (•) = D t (u*, 
k^, 6, c) « {u,:0^u t ^Sk,k^k c > 0}, D{u\ k^, S, e) «= Dfc)® ... ®^m() I *4 = (« = ( U L - Hr.) ^ 0 :ma * 

(t,u*-6k)£u,£6k,\£iZr, OZUi^Sk, / = r+ l,m}, ft* = {x e ft :f 0 (x) =/ 0 (x*)}, IWI = ^ I x, |. 

3 Basic Theorems. 

Theorem 1 Let / 0 (x) and -^x), i * T7m are convex and smooth, ft is compact then for any u «(u,.uj > 0 and 

any k >0 

1) there exists such a vector xsx(u.k) - argmin {F(x, u, k) /x e R n ), and u = u(u, k) = [diag {kf$) 

+ l]^,t/ that F'^x, u,k) = L Vx. u) -/'<>(*) ~ I A/'X*) = 0 

fc»l 

2) x(u*, *) - x* « argmin {F(x, u *, *) | x e /f"} F(x*, u*. k) »/ 0 (x*) and F'^x*, «♦, *) = L '^(x*, u*) * 

/'<>(**) " 5 = 0 

/-i 

3) u(u*. *) = M*. i.e. u* is a fixed point of the mapping u -» u(u, k) 

Theorem 2 I^et f^x) e C 2 , / = 0, m and the conditions (2) * (4) are fulfilled then: 


F (x, u, k) = 


L(x,u,k) , 


OO 
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I) for any (u, k)e D (u*, k^, 6, t) there exists *«$(«,*)■$(.) and 
F'x k), u * k) = 0, the estimation 


u = u(w, £) = £(•) such that 

# 


(6) max (II* - *11. Il« - Mil} C*~'||w - U* || = y„|| U - U* || 

holds true and c. independent of k ^ Icq. 

2) F(x, u, k) is strongly convex in the neighborhood of x = x(u, k) uniformly on (u, k ) 6 D 0 u%, 6, c ) i. e „ there 
exists n 0 > 0 that 


mineigval F"„(x(u, k), u, k) £ ^ > 0, V(w, k) e D (u*, k 0 , <5, £ ). 


3) !.« (/•-[diag^jL, F"„ (a*. t) . L (a*. „•) + and there eaists such 

/i > 0 that 


mineigval F"„ (*♦, u ♦, *) £ // > 0, V * £ 

4) Let * ;> Ao fixed and A/ = maxeigva! F"^ (x\ u\ k) then there exists 0 < « < 1, which is independent of 
u e U k that the next inequality 

cond F"„ (£(u, k), u,k)7>a. cond F"„(x*, u*. k)^ a/l A/' 1 

holds uniformly in u*U k , i.e. cond F (j?(«, *), u, k) is stable for any fixed k i> V 

— mark 1 We would Ukc to emphasize that theorem 2 takes place without the assumption of convexity 
•/&(*) and Ji(x), i — l.m 

4 - Newton Modified Barrier Method (NMBM) We consider a bounded set Y^XxU: X<z R n , U € R m , 
x* e X, u* e U and k > 0 . On the Yx we consider a nonnegative Junction v {y, k) = » (*, u, k) = 

maX ^ "» *)ll> X Uf lJj(*) I }• It is clear that for any convex programming problem, the 

next relation 



v 0. k) = 0=>y = y* = (x\ it*) 
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holds true for any k > 0. Along with we consider a set = {x : f^x) > k / = I, m} 3 (l, a small 

enough e>0 and a monotone increasing sequence 'k s+] > k s , lim k x = oo. Let k = k(Q) = 

J OO 

A:, > kn % d(0 ) = 1, 0< y 2 * l /i is fixed. 


0 Q ^ Q TT\ 

Now we are going to describe the NMBM. We will start with x = x = x €fi u = e = (1,..., 1) € R , 
and let x*\ x* t u , k(s), d(s) have already been found. To find the approximation (x* + \i/ +1 ) one has to fulfill 
the next operation. 

0. Start x: = x = x. 

1. Set u: = u , k : = k(s ), d : = d(s). 

2. Find { = £(x, u t A:) by solving the system 

(10) F (x, u, /r) C = - F \{x t u , fc) 

and set /: = I. 

3. Check x 4* / C « and F(x 4* w* A) - F{x, u * £) ^ ■y f (F' x (x, w » *)» 0- 

4. If jc 4- / C € fl*, the inequality is fulfilled and / = 1 set x : = x 4- { and go to 5, if x 4 -1 ( € £l k < the inequality 
is fulfilled and / < 1 set x : = x 4 -1 { and go to 2, if x + / C e fl* or the inequality does not fulfill set t : = ~ 
and go to 3. 

5. If IICII ^ t go to 6, otherwise go to 2. 

6. Set x : = x, u : = [diag (kf£x) 4* l)^]^^ .P = (x, u) and check v(y f k) £ c. If v(j>, ^) < c set y* : = y 
otherwise, i.e. if c < v(p, k) <. y^ +l set x J+1 : = x, i/ +1 : = u, start x : = x J+l , d(s 4- 1): = d(s) 4- 1, 
k(s 4- 1): = k(s) t s 4- 1 : = s and go to 1. 

7. If v(p, k) > y rf+1 set ? = max {f x + f(x — x) € fij}, x*+ ] =?jc 4(1- Ox, i/ +I : = u°, A(j + 1): = A r+1 , 
rf(j 4- 1) = 1, s 4- 1 : *= s and go to 0. The next theorem is a consequence of theorems 1 and 2 and the Newton 
Method properties (see [5]). 

Theorem 3 If f 0 (x) and — fax), i = 1, m are convex, f/(x) e C , / = 0, m and the conditions (2) • (4) are fulfilled. 
Then for a small enough e > 0 and 0 < y ^ y* S '/* there exists such s$ that for s ^ ^ ("hot' start). The next 
statements 

1) k(s) — k.= k and the stepsize / = 1, 
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2) every NMBM step (large* step), i.e., every updating of the vector u requires 0 (lg 2 lg 2 e ') Newton steps, 

3) the sequence {/ = (x 5 , t/)}~,(y° = (x* 0 , e)) converges to y* = (x*, u*) with the estimation 

(") max (||x' - x*||, ||t/ - u*||} £ y‘* 

holds true. 

Now we are going to consider briefly the implementation of the NMBM for a simultaneous solution of the next 
dual pair Linear Programming (LP) problems: 

(12) x* = argmin ((p, x)/r(x) = Ax - q £ 0}, r/x) = (Ax - q)„ i = 77m ; ft = {x: r(x) £ 0} 

(13) u* = argmin {(q, u)/A u = p, u £ 0} 

where A is m x n matrix, p e R n , qe R m ,m> n, rank A = n, ft* = {x : r{x) £ -k~\ i - 17m). The MBF and 
v(y, k). which corresponds to the problem (12) are 


M 


F(x.M)- 


oo 


x € int n* 
x? intn A 


and v(j-, k) = v(x, u, k) = max { - min rfa), \\p - uA '(x, k)A ]|. £ I fix) | }, 


1 <i<m 




where A(x, k ) = [diag(A r,{x) + l)]£,. 

The system (10) turns into the normal system of equations 
(14) A r kUA \x, k)Ad * - (p - u A~'(x, k)A ) 

where V - [diag . Taking e = 2 (L - number of bits of the input data), we obtain due to theorem 3, that 
for any nondegenerate, dual pair of the LP problems beginning at the *bot* start, one can improve (see (II)) 
the current approximation of at least twice (y £ Vi) in 0 (lg 2 L) Newton Method steps in the worth case. 
Suppose that ay, pj, q t , i — 1, m, y = 1, rt are integers and 
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max{ | ^ |,|/>, |, U |} <; 2' 



. ?A 


* 


* 


2 

Under this natural assumption: /< < n< m the input length L can be estimated by /(m+ 1) . So beginning 
at the "hot* start, which depends on the "measure" of the nondegeneracy of the primal-dual solution, one can 
improve the current approximation of at least twice in 0(lg 2 m) Newton Method steps in the worth case. 
Therefore it seems promising to combine the universal self-concordant properties (see [3]), of the CBF which 
guarantees the polynomial complexity bound of the I PM, beginning at the "warm* start, with excellent MBF 
properties (see theorems 1,2), which guarantees the essential improvement of this bound beginning at the "hot" 
start. In other words, following along the CBF trajectory from "warm" to the "hot" start, one can guarantee 
the improvement of the current approximation at least twice in Newton Method steps while following 

along the MBF trajectory, beginning at the "hot" start, it is possible to guarantee the same improvement in 
0 (lg 2 m) Newton steps in the worth case. Moreover, the system (4) is much more stable than the correspondent 
system which one has to solve at every step in the interior paint methods. 
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Minimize 


f(x) 


Subject to 


g,(x) s G t 


(i=l..m) 


When solving this implicit problem by sequential linear programming, f and ft are^approximated by a succession of explicit 
i;n«r Lc,ions Functions f and g. are evaluated at the current design point, x«, and a sensitivity analysis lead ng to 
derivatives of f and ft w.r.t. each design variable is performed. Based on this information the following exp lcit pro em is 

generated: 


Minimize 


f(x w ) + Vf^x-x^O 


Subject to 


g,(x w ) + Vg-Cx-x^) s G, 


(i=l..m) 


Ea (2) is a linear problem and can be solved by means of the SIMPLEX method. It is important to notice that (2) is a 
J wLZST JL origin nonlinear peoblen, (1). Tinas. (2) is only MMt in . snail region sntoindnj ^ .he so- 
called trust region to which the solution is restricted. New approximations are successively generated . . 

trust regions until convergence is achieved. Usually, the functions f and gi are non-linear which means that a comparatively 
high number of iterations are required to reach the optimum. Since each iteration can be very costly, the full solution of the 

'* *££2? % " a nlT^!L“l,«in,.ions is no. fee only way of solving sinniural ophnizaiion 

problems. Various other possibilities are available: 

- Sequential quadratic programming (SQP) is based on the assumption that a quadratic approximation of the .objective 
function will increase the convergence. In many cases of structural optimization, the objective function is in fact linear (f 
instance weight), in which case quadratic approximation is unlikely to help very much. Furthermore, SQP offers no solution 

to the problem of inaccurate sensitivities. 

- Various types of line-search algorithms have been known to be very reliable. They rely on gradient evaluations to pick a 
search direction, but the line search itself can be based exclusively on function evaluations, ie., no sensitivity analysis is 
required. However, function evaluations are, as previously explained, usually rather costly. 


3. Accumulated approximation 

The observations of the preceding section have lead to the idea of improving the linear approximation of the objective 
function and constraints, ie. the n-dimensional surfaces created by the first order sensitivity analysis, by including the function 
values of previous design points. The modification should have no influence when the process converges steadily, but in 
regions of instable convergence, design points will accumulate and lead to unproved accuracy of the approximation. 

Let F(x) be the function to be approximated (F could be either the objective function or a constraint). The accum 
approximation P(x) of F is based on a usual first order approximation, L M (x), generated by sensitivity analysis and originated 
atthe latest design point, x w . In the forthcoming examples, a linear approximation is used, ie., 

L w (x) « F(x ft> ) + VFCx^Kx-x®) P) 


Furthermore, consider the functions 



Fig, 2. Influence function <J> p . 


d p (x) = 2 (*i-x, w ) 2 (4) 

j=l 


where the design variables x, (j=l..n) are assumed to be of the same 
dimension. The function d p (x) is thus the squared distance from to any 
point x in n dimensions. We shall use d p in the definition of the influence 
function of the p'th design point: 



where s p > 0. 4> p has its maximum = 1 at x = x** and vanishes for d p (x) -*■ ®. The exponent is rendered dimensionless by the 
parameter s„ which could be considered as the square of a characteristic distance. The size of s. is thus a measure of the sphere 
of influence of 4> p . We are now ready to define the k'th accumulated approximation P® of the function F: 



k-1 k-1 

L w (x) n [l-<t» p (x)3 + 2 < t > ,(x)F(x <p) ) 

p=l p=l 

k-1 k-1 

n [i-<j> p (x )3 + [i-4» k (x)j 2 <*>,(x) 

P=1 p=l 



Eq. (6) is constructed with the purpose of letting known functional values influence the approximation P*. In regions where 
such values are not available, P* takes the value of the first order approximation, L w . The product of terms f 1 -d> (x)l tends 
to 0 near previous design points and makes sure that L<“ looses its influence. Similarly, the factor [l-<t>,(x)l causes previous 
design points to loose their influence in the vicinity of the current point. This is the well known technique of Lagrangian 
interpolation. The denominator is the sum of influence functions and has its primary effect in rendering the sum of influences 
to unity in regions where P is influenced by several design points. Please notice that, for k=l, the convention 

0 

n [l-4» p (x)] = 1 (7) 

p=l 

renders die first approximation P°>(x) * L». The gradients of F in previous points are disposed and not used in (6). This 

means that, as more previous points become available, the influence of possibly inaccurate sensitivities decreases. 

In choosing the characteristic distance s„ we notice that using a large s p will cause the p'th design point to influence a 

relatively large region and reduce the accuracy of P(x<»>)(p=l..k-1) because influences from other functional values than F(x w ) 

may become significant. On the other hand, relatively small values of s p tend to generate local extrema of P at each x 0 " 

(p=l..k-l) if these are far apart compared to s p . Thus, the following recalculation of all s p 's (p=l..k-l) for each new itera- 
tion k is suggested: 


s , = a 2 (x"-x") 1 = a d p (x w ) 

j*l 
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where a is a dimensionless factor. This scheme has the effect of giving points far away from the current pomtx«, alarge 
sphere of influence. Points close to x® have very local influence and do not impede the local accuracy of I* For the cun- 

point x®, the parameter % is given by 

s* = a d k .,(x®> ( 9 ) 

It is the intention of the present work to replace the usual first order approximations of the objective function land constraints 
by the accumulated approximation of eq. (6), thereby taking the maximum advantage of the available information. 

4. Subproblem solution 

Accumulated approximation of the objective function and the constraints leads to a non-linear explicit subproblem. Several 
methods of solvingthis problem have been tested, and a simple sequential linear programming approach has proved to be the 

taplmen,,,™ of. S ubprobl«m «*«:*slighU,fncky.. 1*. MW «.<££• 
of the problem are very inaccurate due to the lack of previous design points. This means that move-limits must be unposeu 
in order to prevent the algorithm from substantial oscillations. Furthermore, in order to obtain complete convergence for a 
generally underconstrained non-linear subproblem using SLP, an intelligent move-limit strategy must be employed It is 

important to observe that the relative complexity of the subproblem is a minor dfficulty because ^ “ " 

explicitly and therefore inexpensive to evaluate in the numerical solution procedure. For further information on the subproblem 

solution, please refer to [5]. 


5. Numerical Example 

In this section, the solution of a constrained non-linear problet resented. As indicated in the ^ 

ACAP algorithm has two tuning parameters, the influence parame and a move limit, designated by T, which mus 
assigned Values prior to the call of ACAP. This feature is similar to most other optimization algorithms. However, °«e ofthe 
philosophies of the accumulated approximation and the dimensionless formulation of the algorithm is to make it less setaitive 
,o the value of such parameters, ie. we expect to be able to find a set of parameters which creates good convergence tor a very 
wide range of problems. The ten bar truss example to be presented here has been executed with the parameters a --0-01 and 
T = 0.15. For a, experiments have revealed that 10'» * a * 0.10 is a reliable interval. The convergence criterion is a constraint 
violation less than 0.1% and stationarity of the objective function within 0.1% in two consecutive iterations. No check 

necessary optimality conditions is performed. Wc shall insider a cantilever 

o beam built up by 5 beam elements as 
. O shown in fig. 2. This example was 

A Cx* originally presented by Svanberg [4] 

y f who used it as a test of the MMA— 
//// "1 L T optimizer. Svanberg shows that the 

* p 3 4 s I CONLIN optimizer by Fleury [3] does 

yy/ ^ * not converge at all for this problem. 

y/Z __. .. . The present definition of the problem 

Z'zt ^ — X- follows that of Svanberg in every 

A detail. 

• 11 ) t> )/// —| The problem is a challenging one 

i f or a first order method because it 

^ i Z contains more variables than active 

Z t y O” constraints at the optimum; usual SLP 

y ^ is unlikely to converge in this case. 

^ Z The design variables are the 

/ yr 777777777 Z// I heights of the different beam ele- 

— 1 ments while the thickness t remains 

Section A “A fixed. We shall minimize the weight 

«*• Z Cnnn^r ta. ^ 5 Ibing <Usign 

force and material characteristics, the 


x. 


Section A-A 

Fig. 2. Cantilever beam with 5 sizing design variables. 
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problem can be analytically formulated according to Svanberg: 


Minimize 

x 

Subject to 


Weight = O.CK&^x, + x 2 + x, + x 4 + x 5 ) 


61/Xj 1 + 37/Xj 1 + I9/X3 3 + 7/x 4 3 + l/x 5 J % 1 


Analytical solution of the problem reveals that the optimal value of the objective function is 1.34. We shall start the op¬ 
timization at the feasible point x, 1 = 5 (j=1..5) which satisfies the constraint to equality. Tab. 1 shows the convergence of 
the problem. 

Nine iterations traversing the infeasible domain are required to reach the optimum. 
In this respect, the result does not compare well with the MMA method which in the 
best case produces convergence in just four iterations for this example. Careful tuning 
of the ACAP algorithm for this particular problem will reduce the necessary number of 
iterations to five, but that would not give a fair impression of the performance of the 
algorithm in the general case. In any case, ACAP is a significant improvement of SLP 
which does not converge at all for this problem. The competitiveness of the algorithm 

is further emphasized by a number of other test examples. For a further description of 
these, please refer to [5]. 

6. Influence of sensitivity accuracy 

Barthelcmy & Haftka [6] and Pedersen et. al. [7] have shown that, for certain types 
of structures, sensitivities based on finite difference may suffer from serious lack of 
accuracy. The ACAP algorithm refines the approximation of the objective function and 
constraints as the number of previous points increase. This means that the influence of 
the sensitivity analysis on the optimization decreases steadily and thus reduces the error 
paused by lack of accuracy of the sensitivity analysis. 

The influence of the sensitivity accuracy has been studied by means of the 
cantilever beam example. The sensitivities of the objective function and constraints 
are artificially disturbed by individually multiplying them by a random number in 
the range [0.8 - 1.2], ie., a disturbance of ± 20%, before passing them on to the 
ACAP optimizer. Tab. 2 shows the necessary number of iterations in ten attempts. 
The cantilever beam problem was solved in 9 iterations with accurate sensitivities. 
Experiments indicate that the convergence remains stable up to a disturbance of ± 
40%. Beyond this limit, the process may or may not converge. 

10. Conclusion 


lt.no. 

Height 

Violat 

1 

1.560 

0.0 

2 

1.425 

13.2 

3 

1.359 

10.0 

4 

1.354 

3.8 

5 

1.331 

4.8 

6 

1.339 

0.9 

7 

1.337 

0.9 

8 

1.338 

0.7 

9 

1.339 

0.3 

10 

1.340 

0.0 


Tab. 1. 


Attempt Humber of iterations 


1 
2 

3 

4 

5 

6 

7 

8 

9 

10 


11 

10 

11 

11 

12 

9 

12 

12 

9 

10 


The ACAP approximation generates a significant improvement of SLP and produces 
convergence in cases where neither SLP nor CONLIN converge. 

For the example presented here, the MMA—method has shown faster conver¬ 
gence toward a feasible solution. This is most likely due to the fact that MMA as 
a generalization of convex linearization is a far better approximation of the true 
structural problems than SLP is. Thus, MMA starts out with a good approxima¬ 
tion whereas, in the case of ACAP, such an approximation has to be generated 
along the way. 

The ACAP approach is not limited to sequential linear approximation. Other 

approximation types, MMA for instance, may be subjected to improvement by the 
same simple strategy. 

nrnhuS^iA dUC ^ “ lfluen< ? of P 0 "* 1 * inaccurate sensitivities. Stable convergence is observed for the cantilever beam 
problem with random errors of up to * 40% introduced in the sensitivity analysis. However, inaccurate sensitivities may 
increase the necessary number of iterations in order to reach the op timum 


Tab. 2. The number of iterations nec¬ 
essary to obtain convergence in ten at¬ 
tempts on the cantilever beam problem 
with sensitivities randomized by ± 20 
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The ACAP approximation (eq. 6) is a "first attempt" to include previous design points into the problem. Interpolation tech¬ 
niques is a vivid area of research and better techniques may be available. The ACAP interpolation has several drawbacks of 

which the worst is that it is practically impossible to differentiate it analytically. , _ , 

The algorithm is devised to allow the basic linear approximation L^(\) (eq. 3) to be replaced by any other first order 
approximation type, eg. convex approximation. The possibly positive influence of such a replacement is yet to be investigated. 
The flexible construction of the algorithm and the direct solution strategy furthermore enables the inclusion of equality 
constraints because these are handled naturally by the SIMPLEX subproblem solver. 
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Summary: 

Detailed investigations are carried out on optimal glass-ceramic mirror structures of 
terrestrial space technology (optical telescopes). In order to find an optimum design, 
a nonlinear mu 1 ticriteria optimization problem is formulated. "Minimum deformation" 
at "minimum weight" are selected as contradictory objectives, and a set of further 
constraints (quilting effect, optical faults etc.) is defined and included. A special re¬ 
sult of the investigations is described. 


1. Introduction 

Opt ical astronomy includes observations in the spectrum from near ultra violet via 
the visible light to infrared. This wave-length range will remain important in future 
as the physical nature of extremely distant space projects can often be observed 
onl\ within the range of the optical spectrum. At present, the efficiency of terrestrial 
astronomy is determined by the 3 to 5-m-telescopes. In recent years light detectors 
used for evaluating the results have been improved so much (up to an efficiencv of 
100'/.) that these instruments have reached their efficiency limits. Thus, further dis¬ 
coveries can only be made by collecting more light. For this, large telescopes with 
effective mirror-apertures of more than 8 m 0 are necessarv. That means, the 
traditions in telescope design have to be replaced by new optical and technical 
concepts [!]. All over, the world various types of telescopes are in planning, under 
development or already under construction (the latter case applies to the 10-m-Keck- 
Telescope of the University of California. Berkeley). Though, an important problem is 
that the costs for constructing and erecting such giant telescopes will increase 
astronomically. The following two fundamental demands have to be met: 

observance of an extraordinarily high precision of the mirror surface (<50 nm). 

- minimization of the costs and thus giving the guarantee that such a project can be 
financially supported. 

When dealing with an optimization problem, one should principally proceed according 
to the Three-Columns-Concept". The first step is the theoretical formulation of the 
optimization problem regarding all relevant requirements on the structure. Then, the 
sub-problems ’’structural modelling*’ and ’’optimization modelling*’ have to be solved. 
After selecting an appropriate optimization algorithm, this algorithm is linked with 
the structural model and the optimization model so that a closed optimization loop 
is formed [2]. 
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2. Structural Modelling and Structural Analysis 
This paper deals with some problems of minimal mirror designs as elements of an 
entire mirror. The mirror elements are made of glass-ceramic materials (quartz glass, 
zerodur) loaded by pressure and temperature. 


Rg- 

para 


1 illustrates the structure of a circular mirror plate with the following design 
meters: 

- mirror shape (circle, rectangle, hexagon). 

- core cell structure (quadratic, triangular, hexagonal). 

- cell size or rib distance. 

- height of a cell structure. 

- thickness of the layers. 

- thickness of the boundary stiffening. 

- arrangement of the supports. 



Fig. 1: Design parameters 
of a mirror plate 


The following requirements on the material have to be fulfilled for mirror structures: 

- thermal expansion coefficient as small as possible. 

- homogeneity of the thenial expansion coefficient over the material volume. 

- pore-free surface. 

- corrosion-resistance. 

- no hygroscopicity, 

- good mechanical workability for exact surfaces. 

- chemical durability in the case of separation and removal of the reflecting layer, 

- thermal stability of the material structure up to the transformation temperature 
(transition from a solid condition into the viscous fusibility range). 

With the above-mentioned requirements we take a porous, but isotropic. linear-elastic 
material as a basis for the structural analysis calculations. In addition to the FE- 
method. two analytical methods have been applied C3L 
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a) Thin circular plate with variable thlckneaa point-aupported In the 



\ = thickness parameter. 

r Q = outer radius of the plate. 

t 0 == plate thickness at the outer radius. 


Thus, the differential equations of the plate read as follows: 






K"(r) r .. 
K(r) L 


• • 

W + 


V . 1 
— W = 

r J 


Kir) 


( 2 ) 


where 


, /N 0 

av 


E t 3 


- . and the variable plate stiffness K(r) = K f— T x K = 

oLr o J ' ° 12(1-v 2 ) * 

b) Thin point-supported circular plate on a concentric circle 

Fig. 3 shows the arrangement of point-supports for a circular plate with constant 
plate thickness 

lliiiiiiiinm 

I ! 1 



Fig. 3: Point-supported circular 
plate on a circular ring 


The differential equation of a point-supported plate is given bv 

F F NT S(r-b) 


AAw = 


Kira 2 


k 

_ V 

Kk — 
j=i 


‘(f-ii 5 -) 


(3) 


with 8 = DELTA-functions. 
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Development by Fourier-series 

k ' ' a n V" 1 

P~ + > a m cos k in qp 


CO 


I *(*--¥■ 

j=» ^ 


" 9 




k 27t 


with 

= 4- 2 T s(? - 1 cos kmcpd<p = ^ • 

JTt o ' 

leads to 


in 


AAw = 


Kica^ " K2rtb 


S( 


r-b) - S( l t -— T cos km 9 - 


Ktc 


( 4 ) 


m=t 


This solution yields with the separation approach 

00 

w(r, <p) = 2 w m (r) cos k m <p : 

m = t 



(5) 

(6a) 

(6b) 


d~ , 1 d 
dr 2 r dr 

For a plate with r = ISO mm. 
compared in Fig. 4. 


k 2 m 2 


r 2 


/ 


w 


m 


the deflections 


0 r i- b. (6c) 

and corresponding analysis methods are 


displacement 



Fig. 4: Comparison of the displacements of a circular plate 

3. Optimization Modelling and Procedure 

The present structural optimization task is considered as a Multicriteria-Optimiza- 
tion-Problem (MC-Problem). In this case, a design variable vector x is to be found 
which makes the m components of the objective function vector f as small as possible 
while fulfilling all constraints. A MC-Problem can mathematically be defined by the 
following model formulations [23: 
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xc IR n 

g 

h 


a) Model t: Continuous, deterministic MC-Probiem 

"Min'* {f(x) : h(x) = 0. g(x) s 0} 
xdR n 

'vitli the following symbols 

IR set of real numbers. 

f vector of m objective functions (weight, surface quality), 

vector of n design variables 

vector of p inequality constraints (quilting effect, failure criteria, bounds). 

vector of q equality constraints (e.g. system equations for determining 
stresses and deformations), 

and 

X: = {x « IR n : h(x) =0. g(x) s 0} 

"feasible" domain where s is to be interpreted for each single component. 

b) Model 2: Discrete, deterministic MC-Problem: 

"Min" {f(x)> 

xi X d 

with the discrete design space 

X •= {xdR I \ j* X. : j s |. N ; g(x) s 0. h(x) = 0 

and the N sets of discrete values 


} 


= (\ , x . 

i i 


x 


t • » • • 


with 


x }. X. C !R V j = |. N 


n. 

j 


number of discrete values of the j-th design variable. 


c) Model 3: Stochastic MC-Probl 

•• f 


em 


Mjn" (f(y) | P[f(y)] = r f . P[g(y)s 0]= r e ) 


with 


Y 

PC 3 

r f . r« 


vectoi of N random variables (loads, dimensions, characteristic 
values of the material) including design variables. 

vector of the expected values of the N random variables, 
probability. 

vectors of the m or q reliabilities concerning the objective 
and inequality constraints. 


For the optimal layout it is especially important to apply the appropriate optimiza¬ 
tion model. The optimization problem itself is defined by two main criteria (objective 
functions), namely the "weight of the mirror structure" and the "surface accuracy ". 
The quilting-effect as a special manufacturing error is considered as an inequality 
constraint. Here, the core cell of the mirror structure is slightly deformed b\ the 
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polishing load. This pillow-shaped deformation leads to a periodical deformation of 
the total mirror surface CtL Due to the probabilistic material values (Weibull-distri- 
bution of strength) and the numerous discrete design parameters (number of cells 
and layers), the optimization models 2 and 3. respectively, have been established and 
special optimization algorithms are applied in order to find the most appropriate 

solutions. 

4. Optimal Designs of Mirror Plates 

Optimization calculations were carried out for an orthotropic plate with a quadratic 
cell structure under combined pressure and temperature loads. Some results of the 
optimization process are shown in Figure 5 , whereas the Pareto-efficient curves for 
a zerodur and a quartz glass mirror plate are compared. The curves of the 
zerodur mirror plate and the quartz-glass mirror plate with the same weight and the 
same loads show that the zerodur mirror plates provide a four times higher surface 

accuracy [1]. 
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Further investigations have been carried out with regard to the optimal ratio of sup¬ 
port radii and the optimal number of support points as a function of the rms-value 
of surface accuracy. The calculations resulted in an optimal ratio of support circle 
of r / r = 2/3 and number of support points n = 3 for the chosen plate. The first 

^ Opt 

mentioned result approximate!} agrees with the one of C3] f that means that the addi¬ 
tional temperature load in our calculations is of no great relevance for these values. 
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Fig, ft. Optimal ratio of support radii and optimal number of support points 
S. Conclusion 

The task of structural optimization is to support the engineer in searching for the 
best possible design alternatives of specific structures. The "best possible” or 'opti- 
maT* structure is that which highlv corresponds to the designers desired concept and 
his objectives while at the same time meeting the functional, manufacturing and appli¬ 
cation demands. B\ means of a special optimization procedure it is possible to estab¬ 
lish more realistic and more reliable models to improve the computation of optimal 
designs of a number of technicallv relevant structures. Results of computation are 

shown for a special mirror component made of glass-ceramics as a part of a large 
mirror. 
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Employment of C.B. models for non-linear dynamic analysis 

M.R.M. Klein * Ph. Deloo *** A.Foumier-Sicre ** 


Abstract: 

The non-linear dynamic analysis of large structures is always very time, effort and CPU 
consuming. Whenever possible the reduction of the size of the mathematical model in¬ 
volved is of main importance to speed up the computational procedures. Such reduction 
can be performed for the part of the structure which perform linearly. Most of the time, 
the classical Guyan reduction process is used. For non-linear dynamic process where the 
non-linearity is present at interfaces between different structures, Craig-Bampton mod¬ 
els can provide a very rich information, and allow easy selection of the relevant modes 
with respect to the phenomenon driving the non-linearity. 

The paper presents the employment of Craig-Bampton models combined with Newmark 
direct integration for solving non-linear friction problems appearing at the interface be¬ 
tween the Hubble Space Telescope and its Solar Arrays during in-orbit manoeuvres. 
Theory, implementation in the FEM code ASKA and practical results are shown. 


1. Craig-Bampton models background 


The general equation of motion of a structure can be written as 


Mq + Cq + Kq = F(t) (1) 

Considering the interface of the structure with other structures, we can split the dof’s in 
internal dof’s i and interface dof’s j and write : 


Mu Mij 
Mji Mjj 







where without loss of generality we have assumed that only interface loads are applied 
and neglected the damping matrix. 

The Craig-Bampton approach consists of developing the displacements q on the basis 
of the static interface modes <t>, and the elastic modes <p, of the structure clamped at 

the interface j : 

q = <t>j q, + q> p ij p = W X (3) 

where 


-p = (*, Vp ) 





where K Q>j = 0 



* European Space Agency / European Space and Technology Center ESA/ESTEC 
Postbus 299, 2200AG Noordwijk, The Netherlands. 

** ESA/ESTEC, Space Telescope Solar Array Manager 

*** Consultant, Btoss Gmbh, Waldburgstrasse 21 D-7000-Stuttgart 80, Federal Republic 
of Germany 
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(pip 

0 


( 6 ) 



where (K u - co 2 Mu) <p ip = 0 


As a consequence 
to 


where : 
tion 



of such transformation, the initial equations of motion get transformed 

n n / \ n ^ > 


Mjj M jp 

M pj ftipp 



+ 


Kjj 0 


0 k 


pp 



(7) 


is the stiffness matrix statically reduced to the j interface, 

the mass matrix reduced at the interface according to the Guyan reduc- 
concept, 

and m pp the generalized stiffness and mass matrices, 

= Mu cpip + Mji (pi p is the modal participation factor matrix. 


It must be noticed that both the physical and CB representation of the structure are mathe¬ 
matically equivalent, and both sets of matrices represent the free-free structure. 

Modal selection can be performed based on the well known "Effective Modal Mass" con¬ 
cept with respect to the j interface. However, modes with low interface force contribution 
but describing internal spacecraft dynamics which is of interest have to be kept in addition 
to the modes dominating the interface response. This selection reduces significantly the 
size of the CB models, which is one of their advantages. 

Furthermore, CB models avoid the usual stiffness and low frequency mass truncation 

pro blem s, since the interface stiffness is included in the Kj matrix and the total mass in 
the Mjj matrix. 

In the same way FEM models are assembled, Craig-Bampton models can also be as¬ 
sembled, the connection always taking place using the physical dofs. The reduced size of 
all individual CB models reduces the size of the system CB model to a minimum set of 
modes which produces the most efficient representation of the spacecraft. Currently 3000 

to 10000 dof FEM models can be efficiently reduced to 30 to 1000 Craig-Bampton free¬ 
doms. 


The final assembled system model can if necessary be analyzed in free-free conditions. 
In this case, to ensure simplest correct recovery of interface forces and of stresses, most 
of the spacecraft free-free modes have to be used. Using Craig-Bampton models reduces 
this set to the most significant modes for the problem. 


Another advantage of those models is their relationship with the clamped modes identi¬ 
fied during testing, which provides a good engineering approach. 

2. Handling non-linearities 

Craig-Bampton models intrinsically address linear phenomenon, since constant material 
properties and usual FEM small deformation and displacement theory is used. However, 
there is room for non-linearity at the interface freedoms. This can occur as variable stif¬ 
fness, connected/disconnected status of some freedoms and variable loads function of 
some interface freedom responses. 

These limited cases are, however, representative of many practical interface effects, like 
gapping, non-linear tension-compression contact, torque limiter effects, etc.. 

These processes introduce time dependent perturbations in the equations of motion, lim¬ 
ited to the interface freedoms for the CB mass and stiffness matrices, which shall be ac- 
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counted for in the time integration process. They lead to a modification of the clamped 
condition of the interface freedoms as considered in the clamped modes. However, there 
is no contradiction in releasing CB interface dof’s since we have seen that the CB model 
actually represents the complete free-free structure. 

Since non-linearities are present in the behaviour of the final assembled system, standard 
time integrations methods as modal superposition cannot be applied anymore. A direct 
integration scheme has to be selected. This can be performed without problems since the 
CB model is just another representation of the physical FEM model. Integrating equa¬ 
tions in a modal space by direct integration, although being unusual, is not contradictory. 
It must be noticed that the reduction of number of equations to integrate, usually resulting 
from the modal superposition approach, has actually now been performed at the Craig- 
Bampton model level. Thus this approach is not penalizing in terms of size reduction. 

One of the most problematic aspects of usual direct integration approach (i.e. with physi¬ 
cal dof matrices) is the damping aspect. Indeed, although modal damping values can be 
infered from engineering experience or derived from testing, the implemenation of these 
(in form of Raleigh series matrices) is quite cumbersome and seldom performed. Using 

the CB approach on the other hand, these values appear naturally in the equations of mo¬ 
tion. 


Indeed, the physical damping matrix C transforms into the CB space as ... 




<t>jc<pj <$ jc<p p 

<PpC<bj <PpC(p p 



In case of static determinate interface, <1>y are the rigid body modes which are assumed 
not damped, hence C4> ; = 0 and bolts down to 


vpr c vp 


0 0 
0 [2m£cu] 



where ] is a diagonal matrix and the £ are the percentages of critical viscous damp¬ 
ing ratios of the clamped interface modes. Correctness of this assumption can easily be 
verified by considering the global CB system equations and clamping the system at the 
interfaces. The modal response equations as derived directly from the physical matrices 
are identical to those derived from the CB model equations. 

In case of non static—determinate interfaces, the 3 other terms of the damping matrix can 
be either ignored, or handled in the usual way, i.e. using proportional damping 

C = a K + 0 M , Raleigh series or discrete dampers. The direct integration algorithm 
will have no problem handling damping—coupled equations. 


3. Implementation in ASKA 


The methodology described has been implemented in the general purpose FEM package 
ASKA distributed by IKOSS. Considering the application planned (torque limitation and 

slippage induced by a friction brake on a shaft) only static determinate interface was im¬ 
plemented in a first step. 

The standard Newmark integration scheme has been used, together with matrix manipula¬ 
tion and partition/merge tools to handle the interface condition charges. 
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The freedoms for which non-linariries will occur are attached to 2 nodes. These freedoms 

are etther disjoint but subject to self equilibrating loads simulating friction, or connected. 

n this last case, the combined equation of motion are merged into one unique dof and 

constrain relations are applied to the other dof, thus maintaining constant the dof pattern 
of the dynamic system. 


Equilibrium iterations are performed at each time step, and variable time step is used (bi¬ 
section method) to ensure a proper convergence to the change of state of the non-linear 
freedoms (i.e. slippage/no-slippage). This change of state is defined considering the sys- 

t A e r?r eCt ° r USmg user-written Fortran routines which can be naturally interfaced with 
AhKA. The considered change conditions are : 


♦ 


No slippage 


- until maximal torque is reached in shaft; 


Once slippage occured - constant maximal balanced torque applied to both 

disconnected parts of the shaft; 

- slippage until relative velocity of 2 shaft parts comes back 
to zero. 


4. Application to HST 


The procedure including all features described above has been applied in the frame of 
the Hubble Space Telescope project, where the European Space Agency (ESA) is respon¬ 
sible for the Faint Object Camera and the Solar Arrays. Whatever sky region the HST 
is looking at, the SA is designed to be oriented toward the sun to get the maximal power 

When the optimal position is obtained, a brake is released to prevent any modification 
of the SA position. 

The deployment of the SA in orbit occurs when the HST is held on the Space Shuttle re¬ 
mote manipulator system (RMS). After deployment of the SA, the HST is still on the re¬ 
mote manipulator system for a few hours before release. During that period the Shuttle 
p u erf °™l s manoeuvres to hold attitude, firing thrusters. This induces loads on the SA. Since 
the HST-SA interface is basically a 6 dof’s joint, the interaction can be described by the 
interface accelerations. A CB model of the SA has been developed by ESA to assess the 
in orbit load level when subject to such manoeuvres 

Figure 1 shows the complete 3000 dofs FEM model and some of the clamped interface 
modes. The location of the brake between HST and SA is sketch-wise explained in Figure 
a. The main modes of the SA in clamped interface conditions are identified in Table 1 
in terms of modal masses (percentage of rigid body mass corresponding terms); those 21 
modes were used to build the SA CB model. Figure 2 shows free-free modes computed 
with this model. Norice that although blanket aspects are completely accounted for, only 
boom motions are visualised since those are used later on to compute boom bending mo¬ 
ments. These booms are indeed the most delicate mechanical pans of the deployed SA. 

The brake slippage procedure as been tested using the angular acceleration around the 
SA Y axis shown in Figure 3 applied at the HST / SA interface. The torque actually seen 
by the SA on the other side of the brake is shown in Figure 4, and the related SA angular 
acceleration is m Figure 5. The inspection of the response of the system shows that the 
change of configuration/loading procedure is working fine. The interactive torque never 
exceeds 0.5 Nm which is the specified maximum brake torque in this test. The change of 
configurarion/loading is smooth, however it is interesting to note that a shock is induced 


269 



in the system (see Figure 5) when the brake starts slipping. The SA oscillates about its axis 
at a frequency close to 1 Hz. The mode which is excited is equivalent to the free-free mode 
13 of the SA model presented in Figure 6. It shows a large rotation of the drum while the 
boom tip hardly moves. 

Regarding in-orbit actual manoeuvres, classical rigidly connected linear CB analysis using 
modal superposition method applied to the free-free modes has shown that for some types 
of manoeuvres the interface torque overshoot largely the torque the brake could with¬ 
stand without slippage. In addition loads in the SA booms were exceeding boom bending 
moment allowables. Thus the analysis had to be refined. In order to account for this effect, 
transient analyses have been performed using the procedure described above. This al¬ 
lowed changes of the brake connection from rigid state to slippage state and vice-versa 
as many times as requested during each computer simulation. A more realistic behaviour 
could be simulated, slippage of the SA evaluated and subsequent reduction of loads in 
the booms demonstrated. 


Figure 6 shows results related to in-orbit event P04 for the + V2 wing. As can be seen, 
the interface torque does not overshoot the maximun brake-through torque (0.87 Nm) 
and slippage occurs after this limit is reached. Table 2 shows a summary of 17 worst load 
cases which were analysed. Substantial load reduction occurs for the solar array booms, 
with relative low array rotation which does not affect significantly the SA power perform¬ 
ances. The computing time per run was quite reasonable (20 minutes on VAX 8650 for 
a response of 40 sec) considering the highly non-linear aspects of the brake conditions, 
and allowed a satisfactory computation of all cases; it must be kept in mind that these re¬ 
sults reflect the information related to a 3000 dofs model, which itself could never be used 
for such complex analyses. 

5. Conclusions 


Craig-Bampton dynamic models enable a very rich information to be condensed in a very 
compact format. In combination with direct integration they are able to handle non-linea¬ 
rities related to interface freedoms. Moreover, they can use in a straightforward way the 
usual modal damping.As such, they build a very efficient tool to analyse certain class of 
non-linear problem with minimum computer resources. 

The application to the HST deployment manoeuvre scenario was very successful; it 
showed substantial SA boom load reduction and allowed to estimate the SA rotation. 

This promising procedure is now in development for application to more general cases 
involving non static-determinate interfaces. 
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Figure 1. FEM model and some related main modes. 
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Table 1 : Main modes of the FEM 
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model, in terms of rigid mass percentages. 
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Figure 2: Free-free modes computed with the Craig-Bampton model. 
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Figure 3: angular acceleration about Y axis at 
the HST interface (HST side of the brake) 



Figure 4: Interface torque about the Y axis 
( SA side of brake) 



Figure 5: angular acceleration of the SA side of the brake 
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Infinitely Rigid Brake 
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-V2 


EP1 

+V2 


EP2 

+V2 


EP4 

+V2 


EP4 

-V2 


EPS 

+V2 


EPS 

-V2 


Manoeuvre 

Type 





RMS Run¬ 
away 


RMS Run¬ 
away 


RMS Run¬ 
away 


RMS Run¬ 
away 


RMS Run¬ 
away 


RMS Run¬ 
away 


PRCS Auto 
hold 


Low 

Z 


PRCS Auto Low 
hold Z 


PRCS Auto Low 
hold Z 


PRCS Auto Low 
hold Z 


PRCS Auto Nom 
hold Z 


PRCS Auto Nom 
hold Z 


PRCS Auto Nom 
hold Z 


PRCS Auto Nom 
hold Z 


PRCS Auto Nom 
hold Z 


PRCS Auto Nom 
hold Z 


Bending Mo- Margin 
ments 
(Nm) 


5.8 



6.8 


6.1 


11.4 


10.4 


5.8 


6.1 


8.3 



5.5 



5.8 


5.5 


6.8 


5.9 


- 0.10 


-0.30 


-0.23 


-0.14 


-0.54 


-0.50 


- 0.10 


-0.14 


-0.37 


-0.30 


-0.05 


-0.08 


- 0.10 


-0.05 


-0.23 


- 0.12 


Brake allowing slippage 
(Negative Margins in Bold) 


Bending Mo¬ 
ments 
(Nm) 


Max. Slip- 
Margin page of 
the array 



5.9 



2.6 


9.1 


8.0 



4.0 


5.8 


5.2 


3.5 



5.0 


6.2 



0.07 


- 0.11 


0.54 


1.01 


-0.42 


-0.35 


0.11 


0.31 


- 0.10 


0.01 


0.49 


0.14 


.03 


0.05 


-0.16 


-0.03 


(deg) 


Percent¬ 
age of 
BM re¬ 
duction 



Maximum angle obtained during simulation period. 60 seconds. 

Table 2: Maximum bending moments in the Solar Array booms. 

Note. An modal critical viscous damping ratio of 0.5%for all modes was user for the HST 
analyses. This value derives from ground test data (ESA-BAe) and agrees with results 
of in—flight experiment of large solar arrays (Nasa SAFE in—orbit experiment). 
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Mathematical Theory of a Relaxed Design Problem 

in Structural Optimization 

Noboru Kikuchi and Katsuyuki Suzuki 
Department of Mechanical Engineering and Applied Mechanics 
The University of Michigan, Ann Arbor, MI 48109-2215, U.S.A. 


Introduction 

Various attempt has been made to construct a rigorous mathematical theory of 
optimization for size, shape and topology (i.e. layout) of an elastic structure. If these are 
represented by a finite number of parametric functions, as Armand[l,2] described, it is 
possible to construct an existence theory of the optimum design using compactness 
argument in a finite dimensional design space or a closed admissible set of a finite 
dimensional design space, see Pironneau(3] and Buttazzo and Dal Maso[4], However, if 

the admissible design set is a subset of non-reflexive Banach space such as L°°(0), 
construction of the existence theory of the optimum design becomes suddenly difficult and 
requires to extend (i.e. generalize) the design problem to much more wider class of design 
that is compatible to mechanics of structures in the sense of variational principle. Starting 
from the study by Cheng and 01hoffI5], Lurie, Cherkaev, and Fedorov[6] introduced a 
new concept of convergence of design variables in a generalized sense and construct the 
"G-Closure" theory of an extended (relaxed) optimum design problem. Similar attempt, 
but independent in large extent, can also be found in Kohn and Strang[7] in which the 
shape and topology optimization problem is relaxed to allow to use of perforated 
composites rather than restricting it to usual solid structures. Identical idea is also stated in 
Murat and Tartar[8] using the notion of the homogenization theory. That is, introducing 
possibility of microscale perforation together with the theory of homogenization, the 
optimum design problem is relaxed to construct its mathematical theory. It is also noted 
that this type of relaxed design problem is perfectly match to the variational principle in 
structural mechanics. 


Cheng and Olhoff ( 1980 - 1982 ) 

Optimum Design of the Plate Thickness 

Lurie, Cherkaev, and Fedorov 
G-Closure Theory, Optimum Composites 

Kohn and Strang 

Relaxed Design Problem for a Perforated Material 
Murat and Tartar 

Application of the Homogenization Theory to Optimum Design 
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A Relaxed Design Problem 

optimization'fordh^ iT theory of structuraJ 

to structures which are perforated by microsSle^nii? } 10 extend *e d «ign 

characterized by the unit cell shown in the Z h ' , .. Intr ^ ci ng a perforation 
defined by the size ( a(x) hfr) \ nf ^ re ’ dlstn * 5u ted design variables are 
arbitrary pLttcofa s'.^* ^£2^* voids “ d orinmadon 9(x) a, « 
a, b, and 0 are functions in an infirme h' ar ^ f^ int in domain Q of the structure, 
relaxed design problem is no/^ represen^bv'“ f ^ is, since this 
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Minimize f(d, u ) 

subject to 

ueV: a(u,r)=L(r), Vy e V 0 

*«(“)**., nux 

idW^idmuL 


v^ablcr, l .l e "4uUibrtu d m K dS«mi; t W l re {| S , “t ““ d « d«ig„ 

variational fomttladSn, g arc reprewmation ofcon’s^inj “ eqmlibrium of a in 



277 














Example - Design of a "Beam" Structure 

As simple examples of relaxed design problem, let us consider beam of uniform width 
with both ends rigid support, and point load at the center. The length of beam is 20 and 
hight of 1 was taken as design domain.The solution of this problem with thickness as 
design variable and width fixed is known to be two hinges appear at 1/4 and 3/4 of length. 

The objective function was taken as mean compliance of structure, i.e. load times 
displacement at loading points. Using optimality criteria method in relaxed design problem 
described before, and volume constraint 10, 15, 18 with total volume of design area 20, 
following results axe obtained. These results clearly show hinges at 1/4 and 3/4 of length 
points in each case. Also it is noteworthy that when constraint on volume is small, the 
beam becomes sandwich type beam, i.e. upper and lower surface and weak core inside. 
Although this type of structures are known to be preferable when bending is applied,and 
used often in aerospace industry, traditional method with thickness as design variable 
cannot generate them unless this type of structure is assumed a priori. 
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A Design Problem of a Beam Structure 



Volume Constraint 10 



Volume Constraint 15 



Optimal Layout of a Beam like Structure 
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Example - Design of a "Truss" Structure 
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Example - Optimum Reinforcement of a Plate 

As a examples of application of relaxed design problem to plate, design of simply 
supported square plate subject to point load at the center is considered. The thickness of 
support layer and thickness of stiffener are fixed. Relaxed design problem of minimize 
mean compliance subject to volume constraint is solved using optimality criteria method 
The results are shown below. In cases volume constraint is large, the final design 
clearly shows four hinge lines of 45 degree inclined lines. It is reminded that two hinges 
are generated for a beam case also. Thus, hinges in the optimal reinforcement is expected 
one. It should be noted that this does not mean discontinuity of the transverse displacement 
along these hinge lines. But only the slope is discontinuous, and it is still admissible in the 

variational formulation of an elastic plate defined in the Sobolev space 

In cases volume constraint is relatively small, cross shape support with with diagonal 
support is optimal. It is noteworthy that hinges also appear in diagonal supports, although 
they are not so conspicuous as in large material case. That cross shape supports become 
thinner as they approach edges can be explained that minimum plate will disperse the load 

as you approaches the edges. 



(a) volume 720/900 (b) volume 630/900 



Optimal Layout of a Plate with Point Load 
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Example - Optimum Reinforcement of a Shell 


# 


As a comparison to previous example, same type of design problem is employed, while 
in previous case there was no curvature in shell and there is only bending effect, but in this 
case there is curvature and coupling of bending and in-plane effect exists. The shape of 

shell is z=z max sinOtx/ x max ) sin(7ty/y max ) with z max /x max = z ma x /xmax = 1/12. Again, 
boundary condition is simply support and load is applied at the center of square. 

The results shown below are quite different from previous design of plate. Surrounding 

area is stiffened, and loading point and surrounding stiffener is connected by diagonal 
support. 


These quite different results from plate case is very natural consequence considering the 
fact that in previous plate case, only bending moment is applied since bending and tension 
are totally decoupled, while in this shell with curvature, since there is coupling between 

bending and tension and rather tension is dominant, similar results to two dimensional 
problem appears. 



(a) volume 450/900 (b) volume 270/900 

Shell with Point Load at the Center 
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Example - A Three-Dimensional Structure 

The relaxed design problem can be applicable to 3 dimensional solid. In this case, 
design variables are 6,3 for sizes of microscopic rectangle body holes and 3 for rotational 
angles. Same type of formulation and numerical method as before, i.e. minimize mean 
compliance with constraint on vulume, and discretized using finite element method and 
optimized using optimality criteria method. 

As a example, the cantilever rectangle plate subjected to shear force is solved. The size 
of plate is 32x20 with thickness 4, and 4 elements were used in thickness direction. One 
end is clamped and the other end is loaded at the center point of section. Volume constraint 
was set 800, while volume of total design domain is 2560. 

The result are shown below as each 4 layer in thickness direction, from top to bottom. 
Top and bottom layer has triangular shape of full material area to support bending moment 
and two layers in between have very thin rim to support interaction of top and bottom 
layers. This types of structure is known as "Sandwitch structure", and supposed to be one 
of the best structure for bending. 




1 st Layer 


2nd Layer 



3rd Layer 



4th Layer 
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Convergence of Finite Element Methods 

the structure^btained^ w ^ e ^ e r l ^ e shape and topology, i.e., the configuration of 

mesh^ are .mifn^v Jr converges to the unique one as finite element 

fi?W S35 & d " i8 " ** s 

becomes'fine^nd^r^T^ C f ,CarI ? $howS convergence to certain topology as mesh 
, ine f an< ^ ^ iner * Therefore, it is natural to consider that as mesh size become? 
zero the results converge to the final configuration that is design variable as continuous 

that of^nite r^sh s£ gy ** ^ continuous Variable is almost same as 



Design Domain for Bending of a Short Cantilever 



Convergence of the Optimal Configuration (O s = 60) 
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ABSTRACT 

Structural optimization procedures usually start from a given design tocology and 

co^Jlrr^ ° r boun<lai 7 ^apes to achieve Optimal?* u2S Ss 
constraints. Two different categones of structural optimization an; distinguished in 

casif,?‘Z; Sidng “, d Sha P' opnmizaliwi. A majors STfa tto 

? f a design (such as whether f mss or a S 
structme should be used) as well as more detailed topology features (t e the 

° f b3IS in t ^ OT the num ^ r of holes in a solid) have 
by deSi P ex P enence before formulating the structural optimization 

stSSoDti^Mrion? 1S presents i novel a PPn>ach for initiating formal 

optimization at an earlier stage, where the design topology is rigorously 

“add-on to selecting shape and size dimensions. A three-phase design 

1S discussed: an optimal initial topology is created by a homogenization 

method as a gray level image, which is then transformed to a realizable design using 

computer vision techniques; this design is then parameterized W^earedT deSu 

by sizing and shape optimization. A fully automated process is described for 
trusses. Optimization of two-dimensional solid structures is also discussed. Several 

meth^olog^ 0nCnted examples iIIustrat e the usefulness of the proposed 
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Topology Optimization (Phase I) 


Recently, Kikuchi and Bends0e [1] presented a homogenization method for solving 
generalized structural layout problems. An initial domain, provided by the designer, is 
discretized into finite elements. Boundary conditions are also supplied at this stage. The 
density and stiffness properties of the elements are determined by applying homogenization 
to the model of a unit cell with a rectangular hole; see Figure 1. Using the dimensions (a 
and b) and orientation angle (6) of the holes as design variables, the method searches for 
the minimum compliance or maximum stiffness of the structure subject to a volume 
constraint. In other words, homogenization solves the problem formulated in Eq. 1. A 
given amount of material is thus redistributed with microstructure properties as variables. 
The resulting material distribution corresponds to an optimum topology that can vary from 
truss-like configurations to closed solid shapes. The method has been successfully 
implemented to date for two-dimensional structural problems [1,2]. 






Figure 1. Definition of a microscale hole, i.e., a finite element for homogenization method. 


Minimize Mean compliance of structure 
subject to 

Equilibrium equations (1) 

Amount of material as a percentage of total domain volume 
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Three-Phase Design Methodology (ISOS) 

TTic integration of a topology-generation step into an overall design optimization process 
can be performed according to the following general scheme: °P Dnl,zanon 1™““ 

PhS II- 8^.2*“ a u bout th ' °P dmum topology for the stntcture. 
pi ^ “i and interpret the topology information. 

ase m: S^ a t par f K5tric for detailed shape and size optimization of the 

Thic _denved topology and apply standard optimization techniques. 

„ *i• Jh^cheme is the basis for an Integrated Structural Optimization System fisosi 
ined m Fig. 2, and described in general terms by Papalambros and Chirehdast in [3].’ 


Loading Spacification* fpn] I topolocyoenehatiom uonta^ 

Volumt Conalralnta ” If Vlflflbli Initial Hnmaln 


Vo luma Constraints 
Global Specifications 


>« f n«1 f 
HOMOGENIZATION 


Variabia Initial Domain 
Boundary Conditions 


Modify Volume 
Constraint 
set nxn+i 



4 ' | 


- 


Density Data 
"noisy" 


IMAGE PROCESSING 


INTERPRETATION 


JjjAOE INTERPRETER MOOtJt P 


HI 


Rasulta N 
clear A 

^Sssatisfactory 

Boundary Data 
Structural Members 


Manufacturing 
Requirements 
on Topology 


DETAILED DESIGN MODULE 


DETAILED DESIGN MODEL 


DETAILED DESIGN COMPUTATION 


Design ^ 
Satisfactory 

fYti 

final design 


Figure 2. Basic flow chart for the three-phase structural optimization system ISOS. 
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Example 1 


The operations performed by ISOS in Fig. 2 are best illustrated through the simple example 
shown in Fig. 3. Figure 3(a) is the starting point Figure 3(b) is the output of Phase I and 
input to Phase n. Figure 3(c) is the output of Phase n, and is converted by the designer to 

Fig. 3(d) as input to Phase HI. 


1.25 



t t t 1 t 1 

i 

8 

|_ 

5 

Dcrign domain 

> 

' 




<9 

Figure 3. Design example 1: a) design domain and boundary conditions; b) density 
distribution generated by homogenization; c) processed image; d) user 
interpretation and detailed design model (design variable xi). 
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Image Interpretation Module (Phase II) 

module is a “ Rg ' 4 in morc detail - The 

of higher level knowledge from the dcnsi^^v^ ^extraction and processing 
image processing and computer vision techninn^c ^ ncr ^ tcd by homogenization using 
impose nonstructSral rcqSentsZ?^^? 1* Anothc * P^se of Phase II is to 
is accomplished using domain-denftnrf^m^.°i 8y u SUC i 1 45 naanu I actu ™g constraints, which 
can only P handle“^SoS^a^homogenization 

structures, misses, and frame? tom Zd m m P lm f *««lplane strain 

stress/plane strain structures and frusses^m t diJ?!?i q “ eS f ° r d f alln 8 wilh Plane 
automation for treating trusses in Phase tt i c 7 s . c V sscd .respectively. The degree of 

Investigation of frames will be the focm nf n.SLcJiS^ J“ 1 * a l for solid structures. 


Phase l 

TGM 


Modify Volume 
instralnt. 


Density Data 
note’ 


Plane Stress/Strain 

Edge Detection 
Boundary Smoothln; 


IMAGE PROCESSING 
Image Smoothing 

Thresholding 

Geometric Interpretation 


russ 


Skeleton Extraction 
Model Conversion 


Frame 


Skeleton Extraction 
Model Conversion 
Primitive Combinatlor 


Geometric Representation 1 



No 


Results 
fleer & satisfactoi 


Manufacturing 

Requirements 

.onTogojogv 


Phase II (JIM) 


y Yes_ 


[jfP^sgntatlon Conversion!^ 

1 User Interatlon] 

1 KBES I 


Structural Model 
Optimization Model 


to Phase III (DDM) 


Figure 4. Phase II (Image Interpreter Module) 


in more detail 
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Detailed Design Module (Phase III) 

A detailed design model is set up in Phase III to perform sizing and shape 
optimization. The number of design variables and constraints is usually moderate at this 
point, and general mathematical programming algorithms can be used, allowing versatility 
in objective and constraint function specifications. In ISOS, an evolved version of the 
structural optimization package SAPOP [5,6] is used; it consists of a finite element program, 
several constrained optimization algorithms and standard pre- and post-processors, 
including automatic mesh generation. At this stage, the designer can once again check if 
the proposed design is satisfactory. Figure 5 depicts a schematic overview of SAPOP and 
Phase III. Two distinct models of the design are required by SAPOP, namely structural and 
optimization model. For further detail on this module refer to either SAPOP references [5,6] 
or previous publications on ISOS [3,4]. 


IIM (Phase II) 



No 


Design 

Satisfactory 


FINAL DESIGN 


Figure 5. Detailed flow chart of Phase m (Detailed Design Module). 
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Example 2 - Truss Optimization (Phase I) 

applied using the model rtf Fn n\ an A J- 1 ®' ^ a j.homogenization procedure is 

cL p s ™„ u l in f,f d b 8 y gS£ s £“ a " d s dcflect, °: 

“K£“ I ST xmi ^ ceU “ d ■ he 4 p»“«*K!„J ffaSSSto taS52 

design variables Fig^lS^h^* 1 !?* 1 l ° S ° lvC 311 °P |ini “Mion problem with 7200 
a wUd-t^void ratio^in^^ c ? optim * mi “aerial distribution for this problem for 

an Apoio 4«X) wo^Ltirin 0n ab ° W 7 hourS of com P^donal time on 




Figure 6. (a) Design specifications and (b) Optimum material distribution for Example 2. 
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Example 2 (Output of Phase II and Some Alternative Designs) 

The final output of Phase H for this example is shown in Figure 7 which results 
automatically by performing the steps explained in [4]. At this stage, we search for the 
minimum weight design that satisfies the above specified stress and displacement 
constraints. Design variables are cross sections of truss members and the coordinates ot the 
unrestrained and unloaded nodes. To study the optimality of the proposed topology, it is 
compared with some common truss topologies. Truss models of four different topologies 
were chosen to conduct the study and are shown in Fig. 8, dotted lines indicating truss 
elements removed by sizing optimization. 



Figure 7. Output of Phase II for Example 2. 



Homogenization T opology Fourteen-Bar T opology 

Figure 8. Alternative engineering solutions for the bracket problem. 
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Example 2 (Phase III and Final Results) 


of r ig K h “ a f„ h T V M b ? 5 r g ° pl ™ i ? ad ° n design variables are only 
° p “™“ aon “» pven where additionally coordinates of unrestrained andlnloltSi S 

nf th~ n/vti r 11 Ca ^ °f combined sizing and topology optimization, the positions 

oth *^^im h T^ 8 Sf 2a,1 ? 1 i. tr, ? S m ° VC 0tdy sUgMy ' in contrast to the nodS of the 

dcsgns * ^ P°? cs of the homogenization truss are nearly optimally located 
even before geometry optimization is performed in Phase m. opumauy located 


Table 1. Comparison of initial and optimal weights resulting from sizing optimization. 


Model 

Weight [kg] 

Initial Final 

Five-Bar Truss 

31.29 

28.012 

Ten-Bar Truss 

40.51 

25.527 

Homogenization Truss 

32.27 

23.294 

Fourteen-Bar Truss 

42.51 

28.095 


Table 2. Comparison of initial and optimal weights resulting from sizing and geometry optimization. 
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Exa 


II 


pie 3 - Solid Two-Dimensional Structure (Phase 



A bracket is loaded by a single force and a moment, shown in Fig. 9. A minimum weight 
design subject to stress and displacement constraints is sought The allowable equivalent 
stress is 50 N/mm^ and the allowable deflection at the loading point is 0.1 mm. The 
homogenization output is shown in Fig. 10 where the imposed volume constraint is 50%. 


1 

-120 » 

* 


4J 

t 

Supports 

"a. 

\ 

78 

I . r 

4.2 

LJ ,_ tfj 

tj 

jf 

4.2 h*- —H4: 



Thickness: 18mm 

Square Holes: 10mm x 10 mm 


F - 1780N 
M * 45.25 Nm 


Figure 9. Boundary specifications and initial design domain for Example 3. 



Figure 10. Optimum material distribution far Example 3 (solid/void ratio® 1/1) 
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pie 3 (Phases U and 



filtered and smoothed*!™ lh e 1 fm?? iprctCd “ a two-dimensional solid and subsequendy 

in 13]. Figure 1 Ua^hows 

that linear functions as well as B snuJL?!— the smoothed boundaries are depicted. Note 
these images^Sirialdeto •?**** * c boundaries. Based on 
accounting also for manuLuSiK co^ o^v^ilht !£~T^£ CtURd while 

representation. The finite demS? SdefoftffSS5riI^ ^ usc ? for boundary 

“« of Hg g 11 (gts SSSSL~ m I? ,he 

HI for plane strcss/strain structures is under develomrv.m tSw? S e S"5 cn * Phascs n 

iterations with a senu^nHnf^noS *: 111 achieved after 12 optimization 

minimum weight design satisfying mamufeoulr^gcor^^itsf ** 





W 


Hgure „ ^•^ o n? ) SS^ (0 b S?^S^ dOn ° f *- ta "* lft 
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Conclusions 

The integrated structural optimization system (ISOS) described here offers an exciting new 
capability for structural design. The ability to generate topologies on a rigorous analytical 
foundation opens the way for integrating several tools from different disciplines such as 
structural mechanics, manufacturing, computer vision, expert systems, and mathematic 
optimization. A unique attribute of this system is its capability to allow examination of 
design constraints in many different domains. The integrated program ISOS is obviously in 
an evolving state. Modules I and m are sufficiently developed to operate m an automated 
way. In Module n, the image processing capability is fauly well developed, but the image 
interpretation module is not yet automated and will provide a continuing challenge, it 
should be noted that progress offered by other researchers in feature-based design and 
design for manufacturability can directly benefit automation efforts for this module. 
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1 INTRODUCTION 

Any optimization of structures for maximum stability or for maximum 
dynamic stiffness deals with an eigenvalue problem. The goal of this 
optimization is to raise the lowest eigenvalue (or eigenvalues) of the 
problem to its highest (optimal) level at a constant volume of the 
structure. Likely the lowest eigenvalue may be either inherently 
multimodal or it can become multimodal as a result of the optimization 
process. The multimodness introduces some ambiguity to the eigenvalue 
problem and make the optimization difficult to handle. Thus far, only 
the simplest cases of multimodal structures have been effectively 
optimized using rather elaborate analytical methods ([1-4]). Numerous 
publications report design of a minimum volume structure with 
different eigenvalues constraints, in which, however, the modality of 
the problem is assumed a priori (see [5-7], for example). The method 
presented here utilizes a multimodal optimality criteria and allows 
for inclusion of an arbitrary number of buckling or vibrations modes 
which might influence the optimization process. Ihe real 
multimodality of the problem, that is the number of modes 
participating in the final optimal design is determined iteratively. 
Because of a natural use of the FEM technique the method is easy to 
program and might be helpful in design of large flexible space 
structures. 

2 THE OPTIMALITY CRITERIA 

The buckling and the free vibrations problems are formulated and 
solved using very similar numerical techniques. Consequently, the 
optimality criteria for those two cases must be also very similar. 
Here, due to space limitations, only the optimality criteria for the 
highest frequency of free vibrations is briefly outlined. 

Using finite element formulation the free vibrations problem is 
defined by: 

(K - X.M)x i - 0 (1) 

where K is the elastic stiffness matrix, M the mass matrix, x. is the 
i-th vibrations mode and X. represents the square of the corresponding 
frequency of free vibrations. Multiplying Eqn.(l) by x., the 

eigenvalue X. can be expressed in the form of the Rayleigh? - quotient 
as: 
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( 2 ) 


1/2 x.Kx. 

X. = - - 

1 1/2 x.Mx. 

where the numerator represents the strain energy and the denominator 
represents the kinetic energy of the vibrating structure. 


Using a proper eigenvalue solver the solution to the problem (1) is 
obtained in the form of the set of eigenvalues X-,X-,X 3 .... where 


X-^X^X^..., and the corresponding set of eigenmodfesTc 1 ,x 2 ,x 3 


• • • 


The purpose of optimization discussed here is to maximize the first 
eigenvalue X. for a structure of prescribed weight. Clearly when 
increasing X? - it may become equal to X- then to Xj and so on... 
Consequently the optimization finally may need to ironitor N modes. 
Note that the number of modes which must be considered to reach the 
optimal design is unknown a priori and may be difficult to predict. 


In order to derive an optimality criterion for the above problem 
consider the following Lagrange functionals 


N 

F(x,h) - (1/2 x.Kx.)/C. + E y. [(1/2 x.Kx.)/C. - (1/2 XjKx.)] 

N 1 1 1 i-2 1 111 

+ E Vi • (1/2 x ♦ Mx. — C») + (3 ( E W • — W ) 

t 4 X XX a J ^ 

1-1 



where h is the design variables vector representing a property (area, 
thickness, etc.) of each element to be optimized, C. is an arbitrary 
constant to normalize the i-th vibrations mode, W. and W are the 
weight of the j-th element and the total weight respectively, r i ,h i 
and 0 are the Lagrange multipliers. 


The multipliers h- and 0 can be determined explicitly and the 
necessary conditions for optimality of the functional (3), after some 
algebra, are derived in the form: 

N t N X. . 

(1 - E y. ) NSE . + E y. [ — (NSE . - 1) + 1] - p-1 (4a) 

i-2 1 3 i-2 1 Xj 3 


y. (X. 

1 1 





(4b) 


where: 

and 


NSE 


x . - (vyWj) (1/2 Xij^jXij/XiC.) 


K 1 . - pKj - X.Mj 


NSE 1 . is the normalized equivalent strain energy of the j-th element 
due io the i-th vibrations mode and x. . must satisfy Eqn. (1). The 
parameter p represents the relation between the stiffness and the mass 
of each element which was assumed in the form: 


(M.)P/Kj « const. 

Eqn. (4a) must be satisfied for each element of the structure, and the 
switching conditions (4b) must be satisfied by every eigenvalue X.. 

As can be seen from Eqn. (4b) the number of nonzero Lagrange 
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raJreS* nl^T 1 'J^ ateS J?* " 0<tallt y o£ the problem. For the 
correct number of modes influencing the final ontin«i *1 

equations (4a) and (4b) can be combined into one c^dTtion* 

N i N 

(i -i^Yj) USE i .£y. NSE^ . p-i ( 5) 

Ibe conditiOTK similar to that given by Eqn. (5) were discussed in 

nnMilJi ' fc sho ^ ld i* emphasized that the modality of the 

the Sre ^ite e ra C tfv e fS„ h t ere ** N * s ' in 9«neral, unknown a£ 
consider E^ y iihi } utl J 3I ? P rocedure ®*t also simultaneously 

S d?f fYcuUto^Sf 10 " *— -V*», 

3 TOE ITERATIVE PROCEDURE 

SWaST** correcting‘the S^^arYab^es^ctoT f 
Se rr ?oU«in5teps= the ^ ° £ ^ “ *• caiouUted^ing 

I°f u - 9l ven structure solve the eigenvalue problem to obtain th*» 

b) Utilizino W ih£ suff ^ ie 2 t nuinber of modes, N (we assumed N-9). . 

r \ c~i 0 _*. results from step (a) determine the energies NSE. 1 . 

d) Determine The^ f 6t ° f multipliers y. (see comments belo>j) * 

d) Determine the local error (for the j-th element) defined as- 

t N N 

’ "iV 1 * NSE j + if 2 Vi NSEl j" p +1 (6) 

e) ^ 0001 ri'g^ CCUeCia 1;< > ainst « —■» t°l« M ce a (we 

Kjl < a for all elements and X^X. - 1 < a for i - 2 ..N 

r i < 6 for i - n r +1 .? n (7) 

of"the^design . Nr 311 Yi Vanish ' clearl y» N R represents the modality 

f) , If °P timali ty criteria are not met, correct the desion 

variables accordingly to the formula ^ 


5h . 
3 


cS.h. 

J J 


( 8 ) 


where c is a positive number and repeat steps (a-e). 


Note that in steps (a) and (b) only the magnitudes of nsf* 

fseFt i fc o j r 

g»■ >3 SSSffi®*' 

the convergence of the optimization process P secuces 
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First the magnitudes of y'. are calculated minimizing the global error 
defined as IS*. The minirflization, when using Eqn. (6), leads to the 
set of linear •'algebraic equations in the form 

N 

Z a ki Y i“ b k k - 2 ... N (9) 

i»2 k 

where a^ and b^ are known functions of NSE . 

The second phase implements corrections to y'. with respect to the 
difference between X. and X^ in the form: 

Y i " Y 'i <V X i )i-1 i - 2 ... N (10) 

The relation (10) is used to satisfy iteratively the switching 
condition (4b) and plays a very important role in determination of the 
modality of the problem. For i ^ N R the difference between y. and y^ 
gradually disappears while for i > N_ the values of y. are 
consistently driven to zero the same eliminating the corresponding 
modes from optimization. 

4 SOME RESULTS AND DISCUSSION 

The procedure discussed here has been used for optimal design of 
columns, frames and plates. Some unimodal and bimodal cases of the 
optimization for maximum stability were presented in [8-10]. The 
optimization program interacts with ANSYS, the FEM software, which 
performs the analysis required in step (a). 

Fig. 1 shows the examples of bimodal and trimodal designs for maximum 
stability. Fig. 2 presents the case of optimal design of the plate 
for maximum frequency. In both cases the optimization was initiated 
from the uniform shape and the increase in the buckling load or in the 
frequency of free vibrations is also related to the corresponding 
parameter for the uniform structure. 

The numerical experimenting indicates that the method is globally 
convergent, though the process requires a high accuracy in 
calculations of eigenmodes in every iteration. 
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(0) BIMODAL OPTIMIZATION OF FIXED-FIXED COLUMN 




(b) TRIMODAL OPTIMIZATION OF FRAME 


FIG. I EXAMPLES OF MULTIMODAL OPTIMIZATION FOR MAXIMUM STABILITY 


301 










N94-71457 


^ O' ^ ‘ “ f 


T» ER »,L ST RE SS .K.LVS.S - ««« °RV,« „VP EBS 0 »rc „ M / 


■JLENN MORRIS, engineering specialist 
general dynamics corporation, fort worth division 

P-O. BOX 748. MAIL ZONE 2629 
FORT WORTH. TEXAS 76101 


KEYWORDS ' Fi nit e Element Method. Finite 
Difference Method, Thermal Stress 
Analysis. Hypersonic Win* Test Structure 
Hypersonic Aircraft. ' 

ABSTRACT 

vthieUs^K 6 interest in hypersonic 
vehicles has resulted in a renewed 

interest in thermal stress analysis of 

airframe structures. While there are 

numerous texts and papers on therms! 

l.r ly3iS ' Pr^cal examples and 
experience on light gage aircraft 
structures are fairly limited A 

d!;!f! r ? h P roera ” has ^en undertaken at 
-ra ynamics to demonstrate the 

L e3 !n n a C ,r, aCe ° f Che art ’ verif y methods 
of analysis. gain experience in their 

use, and develop engineering judgement in 

for tM S 3 I re ? analysis. The approach 
thia , P r °Ject has been to conduct a 
series or analyses of this sample problem 
and compare analysis results with test 
oata This comparison will give an idea 
or how to use our present methods of 
hermal stress analysis, and how accurate 
we can expect them to be. 

INTRODUCTION 

Several strategies for thermal 
stress analysis have been used in the 
pas . Prior to the eaergence of 
computerised analysis, numerous texts 
were written on closed fora (or 
classical ) methods (see Reference 1). 

th v ea * hav * baen uaed - su =h as on the 
. X-20, and B-50, several drawbacks 

occurred. lJLength on time required to 
perform calculation made it difficult to 
converge on a design (Reference 2), 
2>Unknowns such as joint flexiblity and 
simplifying assumptions often led to 
overprediction of stresses (Reference 3 ) 
or surprising failures (Reference 4). 

With the emergence of digital 
computers, the finite element method came 
into prominence for structural analysis. 
For thermal analysis, the finite 
difference method has become the primary 
computer method. This resulted in more 
detailed analysis in both specialites. 
However, during the late 1960’s and the 

thl 'i, ther * Uttle activ ity in 

thermally stressed airframe structures. 

For example, the original design 

philosophy of the space shuttle was that 
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the TPS (Thermal Protection System) would 

th* P strassas devo loping in 

the orbiter structure. This assumption 

has proven to be false (References 5 

through 7). Reference S briefly 

discusses some of the problems of thermal 

stress analysis as done on the Space 

Shuttle Orbiter. Thermal Analysis was 

(finite^ local lumped parameter 

(finite difference) models. Most 

temperature, used in stress analysis were 

obtained by interpolating between these 

models. The potential for error at this 

point in the analysis is high, especially 

If thermal analysis models are not in the 

right place or if the distance between 


them is too great, 
that more detailed 
needed. This in 
automating methods 
generation (similar 
preprocessors), 2) 


NASA has concluded 
thermal models are 
turn requires! 1 ) 
of thermal model 
to finite element 
faster solution 


techniques, 3) automating the search for 
critical conditions, 4) improved modeling 
techniques to reduce model size, 5) 
automating data transfer and/or 
interpolation between thermal analysis 
and structural analysis (similar to 
finite element post processors), and 6) 
more reliable and accurate caculation of 
aerodynamic heating inputs. 

To achieve these goals, NASA Langley 
Research Center has begun developing a 
fully integrated finite element method, 
encompassing structural, thermal, and 
aerodynamic analysis into a single 
solution. The main reasons for this 
strategy are 1) to solve the problem of 
interfacing the different discipines by 
eliminating the interface, and 2 ) taking 
advantage of the model generating 
capab1ities of existing finite elememnt 
pre/post processors. While this work is 
still in the development stage, it shows 
great promise (see References 8 through 
10). The method has tentatively been 
named LIFTS (Langley Integrated Fluid- 
Thermal-Structural Analysis). 

Until LIFTS or other new methods are 
u y operational, we must work with 
***®* in * l »«*hods. This means using 
nite element methods such as NASTRAN 
structura 1 analysis, finite 
difference eethods (such as ’siNDA) for 
theme 1 onalysis, and either 

approximation methods (such as AEROHEAT) 

»Lh C H D ‘ coaputati °n»l fluid dynamics) 
methods for aerodynamic heating analysis. 

‘ e problem then becomes one of 
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interfacing and coordinating the 
different analyses. Our first attempts 
quickly showed that if each task was done 
independently, without coordination and 
cooperation, results would be dismal. It 
was therefore decided that all three 
analyses must be worked on a common grid 
layout, and that the interface between 
them would be automated by a computer 
program to generate a SINDA model from a 
NASTRAN model, and to reformat SINDA 
output for use by NASTRAN. This computer 
program, developed by General Dynamics 
under discretionary funding, is called 
NASSINDA. 

Once this procedure was operational, 
It was decided to exercise it on a test 
problem. This was intended to 
demonstrate our capablities, to develop 
experience and technique in this type of 
analysis, and to find bugs in the code. 
The test problem needed to be fairly 
representative of airframe structure, 
well documented, and well instrumented. 

HWTS BACKGROUND 

The problem chosen for analysis was 
the Hypersonic Wing Test Structure 
(HWTS). HWTS is a metallic structure 
simulating the wing of a hypersonic 
aircraft (see Figure 1). The design of 
the HWTS was based on the mission loads 
and temperatures calculated for the wing 
portion of the Hypersonic Research 
Airplane (HRA), a study vehicle which was 
never built. 

A major design consideration was the 
pushover - pu1lup loads maneuver. This 
maneuver is initiated at Mach 8 at an 
altitude of 27.4 km, and consists of a - 
0.5 G pushover, a *2.5 G pullup* and a 
return to a nominal research mission 
descent profile. Preload and post load 
maneuvers precede and follow the actual 
loads maneuver, providing transitions to 
and from the nominal flight path. The 
entire loads maneuver took 42 seconds, 
with a maximum dynamic pressure of 88.78 
kn/a**2 obtained during this time. 

TEST ARTICLE 

The following description of the 
HWTS test article is based on Reference 
IX and engineering drawings of the HWTS. 

Figure 2 shows the general 
dimensions and shape of the HWTS with a 
transition section. The wing is 
cantilevered from W.S. (wing station) 42. 
00 (1 . 067M). The wing was tested 
inverted, so the compressively loaded 
surface of the actual vehicle would be 
the lower surface of the test structure. 
Although not a part of the airplane 
design, the transition section was 
included to provide a buffer between the 
support structure and the test portion of 
the wing. The five most critically 
compression - loaded panels are the lower 
root panels. 

Skin panels of the HWTS are the 
primary load carrying members. They are 
formed from a single sheet of Rene* 41 
with seven alternating up and down 


circular arc beads parallel to the wing 
spars. Doublers were spot-welded to the 
ends of the panel to prevent local end 
failure and to reduce excessive 
deformation caused by shear. Overall 
panel dimensions are 19.25 inches (48.3 
cm) by 42.9 inches (109.0 cm). Beads are 
.026 inches ( , 068 cm) thick having a 
radius of 1.045 inches (2.654 cm) with an 
included angle of 155 degrees. The flat 
sections between the beads are . 438 
inches (1.113 cm) wide and .036 inches 
(0.091 cm) thick. Four channel sections 
are spot welded to the beaded panel to 
provide attachment points for metallic 
heat shields. The beaded panels are 
attached to the caps of orthogonal spars 
and ribs by screws. 

Figure 2 shows the HWTS mounted in a 
support fixture. 2-shaped clips are used 
to connect the heat shields to the 
structure. The HWTS has. six spars 
perpendicular to the aircraft centerline, 
producing five chordwise bays. Both the 
spar and rib webs have sine wave 
corrugations allowing for thermal 
expansion. The outboard portion of the 
structure between the leading edge rib 
and the 30% rib is covered by an 
insulation packet! the insulation is 
Intended to keep maximum structural 
temperatures below 1005 degrees K and to 
keep spanwlse temperature gradients 
constant. 

The heat shields are slightly 
corrugated in the chordwise direction. 
In general, two heat shields cover each 
full - size beaded panel. Heat shield 
extensions were provided around the 
boundaries of the test structure to 
improve the heating simulation of the 
outer spars and rib webs. 

Figure 2 shows the attachment of the 
wing to the support structure. Twelve 
horizontal links provide spanwlse 
horizontal load reaction and reaction for 
bending moment about an axis parallel to 
the aircraft centerline. Each link has a 
spherical ball at each end so that 
thermal growth of the wing is not 
restricted by the support structure. 
Water-cooled fittings were placed between 
the links and the wing to maintain the 
support structure at room temperature 
during tests. There is also an 
Insulation packet that extends along the 
wing root to prevent heat losses. 

Three sets of testing have been done 
on the HWTS. Originally, it was believed 
that lateral pressure on the beaded skin 
panels was an Important consideration. A 
"pressure pan" was placed under each of 
the critical lower surface root panels, 
and pressure was applied to create a 
lateral load on the panel. This is the 
••ries of tests described in Reference 
12. Later, these tests were repeated 
with a set of panels of alternate design. 
Finally, attention shifted away from the 
panels and to the global therma1 stress 
analysis problem. The pressure pans 
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block radiation coning off the backside 
of the skin panels, so they were depleted 
from the third, or "Retest" series of 
tests. This data has not been formally 
reported by NASA, but was made available 
for our use (Reference 13). 

TEST INSTRUMENTATION 

A total of 370 thermocouples, 102 
strain gages, and 18 deflection pots were 
installed on the HWTS for the "Retest" 
series of testa. Some 78 of the strain 
gages were conventional foil gages, which 
are limited to temperatures of 550 
degrees or less. The remaining 24 strain 
gages are weldable strain gages, which 
are operational at higher temperatures. 
This has an impact on the test conditions 
which will be discussed later. 

Instrumentation is concentrated in 
and around Bay "H" (Figure 3), which is 
bounded by spars at F.S. 950 (24.130H) 
and F.S. 970 (24.638M) and ribs at B.L. 
54 (1.372M) and B.L. 97.835 (2.479M). 
This bay is one of the inboard bays, and 
therefore heavily loaded (The wing root 
is at B.L. 54.0). It is also as far as 
possible from the thermal boundaries, 
making the thermal simulation in this 
area as realistic as possible. Thus, 
this area is the center of attention. 

TEST PROCEDURE 

The "retest" series of tests 
consisted of three test runs. First was 
a check-out run to verify operation of 
instrumentation, loading system, heating 
system, and controls. Only room 
temperature deflection data is available 
from this run (Condition 4.1.3). The 
second test was a combination of thermal 
and mechanical loads, with the 
temperatures limited to 550 degrees F 
(Condition 550 . 4). This insured that 
temperature limits of strain gages were 
not exceeded. The third test was a 
combination of mechanical loads and 
thermal load, similar to the second test, 
except that temperatures were limited to 
1100 degrees F (condition 1000.4). This 
means that the foil strain gages were 
destroyed sometime during the test, with 
only the 24 weldable strain gages 
operational throughout the test. 

THERMAL STRESS ANALYSIS VERIFICATION 

The object of the HWTS investigation 
at General Dynamics was to exercise our 
methods of thermal stress analysis, debug 
them, and develop experience using them 
in realistic airframe structure 
applications. Our approach has been to 
run a series of demonstration problems 
based on data from the HWTS tests just 
described. Coaparislon of test and 
analytical results helps give an 
understanding of the accuracy of our 
cm leu lations. 

CHECK PROBLEM ONE - BAY H OF HWTS 

Bay H, one of bays on the HWTS, was 
chosen as the basis of our first checkout 
problem for a variety of reasons. It is 
one of the most inboard bays and 
therefore most heavily loaded 
mechanics 1 ly. It is the bay farthest 


from the boundaries and therefore most 
realistic in its thermal simulation. It 
is the most heavily instrumented area of* 
the HWTS. It is also a small enough 
problem to serve as a good checkout 
before starting on analysis of the full 
HWTS. In Reference 14, Laaeris used Bay 
H to check out problems in the COSMIC 
NASTRAN thermal analyzer. A copy of that 
NASTRAN deck was provided by NASA Dryden. 
Our analysis was made using the same grid 
layout. 

NASSINDA does not recognize the 
NASTRAN heat transfer (CHBDY) elements 
used by Laaeris, so they were replaced by 
dummy CQUAD4 and CTRIA3 elements which 
represent the heat shield. The model is 
illustrated in Figure 4. 

The first run of the SINDA model was 
incorrect due to an input data error. 
The second run produced skin temperatures 
in good agreement with measured 
temperatures in Reference 14, but 
understructure (spar webs) temperatures 
were too high. Since the spar webs are 
corrugated in a sine wave pattern, they 
have a higher conductance in the vertical 
direction than the flat plate values used 
in this run. Also, an ealsslvlty value 
of .8 was used, which was judged to be 
too high. 

For the third run, the conductances 
of the spar webs was Increased in the 
vertical direction. This resulted in an 
increase in cap temperatures and a 
reduction of web teapertures. However, 
the lower web temperatures were still too 
high early in the trajectory. For the 
fourth run, ealssivity was changed from . 

8 to .85. Good agreement was achieved on 
understructure and skin temperatures, as 
shown in Figure 5. This gave us enough 
confidence to procede with an analysis of 
the full HWTS. 

CHECK PROBLEM TWO - FULL HWTS 

Since the thermal analysis model of 
Bay H was successful, the next test 
problem was a full three dimensional 
model of the HWTS, shown in Figure 8. In 
its layout, it is similar to a typical 
coarse grid internal loads finite element 
model. Load carrying skins are modeled 
as CQUADt elements, spar and rib vertical 
webs are repreented by CSHEAR eleaents, 
and CR0D eleaents model spar and rib 
caps. The model was checked out by 
comparing its deflections under static 
load with those froa test. 

The General Dynaaics M0DGEN program 
generated the basic connections of this 
model. Additional work done by text 
editing included! 

Definition of element thicknesses 
and areas - Data read from drawings was 
used. 

Definition of radiation enclosures - 
Radiation view factor calculations need 
information on which parts of the 
structure "see" other parts. This data 
is included in NASSINDA input data. 
CQUAD4 eleaents 740 thru 780 were added 
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to complete the enclosure between the 
skin and the heat shield. 

Definition of Boundary Conditions - 
The HWTS is 'Mounted on a test fixture 
made of structural steel. This was added 
to the model, and tied to the wing box 
with NASTRAN MPC's. 

Leading Edge Insulation - The 
insulation between the leading edge heat 
shield and skin was modeled using CHEXA 
elements 780 thru 794. 

Mechanical Load - Force cards have 
been added to simulate test load 
conditions. Force set 41 is condition 
660.4 (retest). 

Thermal Load - After using NASSINDA 
to generate the SINDA model, thermal 
loads were added by imposing a 
temperature on the heat shield panels in 
the SINDA data deck. 

The first SINDA run had an error in 
its input temperature load (a missing 
decimal point) causing one input to be 
read as zero and rendering the run 

incorrect. The second SINDA run showed 
unusual temperature contours around the 
leading edge. The CHEXA elements used to 
represent insulation were 1 . 5 inches 
thick, but the real insulation blanket 
was only 1/8 inch thick. Properties of 
the insulation material were adjusted to 
account for this. 

SINDA calculated temperatures from 
the third run show good agreement with 
test data in most areas. Several 
channels of thermocouple data appear to 
be in error. For example, the lower skin 
panel in the outboard forward corner 
shows a test temperature of 239.7 degrees 
F. This area Is insulated, and should be 
closer to 101 degrees F. Similarly, a 
panel of the upper skin showing an 83.5 
degrees F test temperature in an 
uninsulated area should be closer to 240 
degrees F. For comparision purposes, an 
"assumed true" temperature was used in 
locations where test data was apparently 
incorrect, or was not taken. 

For most of the wing box, calculated 
skin temperatures are 10 to 15 degrees F 
higher than the test temperatures. The 
errors for spar and rib cap calculated 
temperatures are 50 to 140 degrees F too 
low. These errors give large fictitious 
thermal stresses. The cause of this 
error is the large mesh size used. Heat 
radiated from the heatshield to the skin 
goes to a thermal node In the middle of 
that skin bay. Heat can then be 
conducted to the spar caps, or radiated 
to the understructure webs. Since 
radiation is, in fact distributed over 
the panel, the conduction path between 
the panel and the cap is too long. Also, 
since the spar cap blocks backside 
radiation for 3 inches (1555) of the 20 
inch wide bay, these modeling errors 
combine to make radiation heat transfer 
from the skins to webs too high and 
conduction heat transfer from the skins 
to caps too low. 


There la also a radiation path to 
and from the caps which is ignored. 
Since the understructure webs are formed 

as slnewaves. their true mass is greater 
than the flat panel mass in the model. 

Calculated temperatures in the 
"transition bay" (BL 42.0 to BL 54.0) are 
higher than measured temperatures. This 
may be because the root attachment 
fittings were not modeled. These 
fittings are a sizeable mass of stainless 
steel, and they were water cooled. 

As a first attempt to correct this, 
emissivity was decreased from .65 to .63 
on the next (fourth) run. Also, mass of 
the understructure webs was corrected and 
the water cooled root fittings were 
simulated by holding the nodes they 
connect to at a constant 80 degrees F. A 
comparision of calculated and measured 
skin temperatures is shown in Figure 7 
and temperatures for a spar are shown in 
Figure 8. These understructure 
temperatures are still not as accurate as 
deslrad. 

To test the impact of internal 
radiation on tha cap teaperatures, the 
grid was modified in two bays as shown in 
figure 9. The small strips were added to 
the edges of two panels of the upper 
skin. These panels receive radiation 
from the heat shield. They do not 
radiate on the back side, since that area 
is covered by the caps. Therefore, that 
heat is conducted to the caps. The 
temperature on the cap under the strips 
did rise about 40 degrees F. This 
indicates that this is a source of error 
in the cap temperatures. 

Because of the impact of mesh 
refinement on the cap teaperatures, two 
new grids were laid out, as shown in 
Figure 12. This work should give us 
enough data for a mash convergence study, 
and tell us what general leval of 
rafineaent is needed to get meaningful 
resuIts. 

CONCLUSIONS TO DATE 

First, theraal analysis and 
structural analysis must be performed in 
close coordination and cooperation. The 
analysis grid must be chosen with 
consideration for both heat flux and load 
paths. Data transfer between the two 
disciplines aust be automated to solve 
problems of practical alrfraae size. 

Secondly, radiation heat transfer is 
a tricky, time consuming part of the 
problem. Radiation view factor 
calculation Is a major part of the 
problem. 

Theraophysica 1 material properties, 
such as eaissivity, conductance, and 
capacitance, are not as easily available 
as mechanical properties. Often these 
are temperature dependent, making an 
exact solution nonlinear. 

Finally, several studies of 
structure this size and nuaerous smaller 
studies are needed before we can 
reasonably expact to release hot airframe 
structure for hypersonic flight. 
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HWIS SKIN IEMPERAIURES ~ MEASURED VERSUS CALCULATED 




FIGURE a - spar temperatures 


■ calculated vs. measured 


FIGURE 9 - LOCAL REFINEMENT OF ANALYSIS GRID 


CAP TEMPERATURES IMPROVE WITH FINER SKIN MESH 


HWIS SPAR 950 



XXX - TEST TEMPERATURE 

(XXX) - SIIC* CALCULATED TEMPERATURE 

(XIX) - ASSUMED TRUE TEMPERATURE 


FIGURE 10 - SPAR TEMPERATURES AFTER LOCAL REFINEMENT 
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ABSTRACT 

This paper addresses the weight minimization of a circular plate 
like stru«S?e which resulted in a 26% weight reduction. The 
optimization was performed numerically with the COPES/ADS program using 
the modified method of feasible directions. Design parameters were the 
inner°*thickness and outer thickness of the plate with constraint.. on 
maximum yield stress and maximum transverse displacement Also, 
constraints were specified for the upper and lower bounds of the 
fundamental frequency and plate thicknesses. The MSC/NASTRAN finite 
element program was used for the evaluation of response variables, 
original ? and final designs of the plate were tested g using * uXottra 
tension-compression machine to compare finite element resul ^®^° 
measured strain data. The difference between finite element strain 
components and Measured strain data was within engineering accuracy. 


INTRODUCTION 

Weight minimization of a 13.6 inch diameter aluminum piate-like 
structure with 37 holes was performed resulting in a 26% weight 
reduction. The original cross section had a uniform thickness of 
approximately 2 inches. Boundary conditions consisted of the lower 
outer edge being simply supported. The structure was subjected to a 
uniform pressure over a portion of the surface totaling 23.0 kips ( 

Figure 1). 

The purpose of this study was to numerically determine the minimum 
weight structure which would satisfy constraints on the following 
performance characteristics; fundamental frequency, maximum yield 
stress, and maximum transverse displacement. This I 

t-he aDolication of numerical optimization using the COPES/ADS 
optimization program in conjunction with the MSC/NASTRAN finite element 

program. 


PROBLEM FORMULATION 

The objective was to minimize the weight of the structure. Overall 
dimensions loading, and boundary conditions are described in the 
introduction and are shown in Figure 1. The design variables were the 
i-hiekness at the center and thickness at the outer perimeter of the 
plate with a linear variation in the radial direction. The thicknesses 
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were bounded from 0.1 to 10.0 inches to ensure that a phvsicallv 
meaningful solution be obtained (i.e. the thickness at any point does 
not take on a negative value). Constraints imposed on the design were 
as follows; maximum Von Mises stress be below the 40.0 ksi yield stress 
of aluminum, maximum transverse displacement be below 0.117 inches and 
the fundamental frequency be within 15% of a specified valve ' All 

conditioning WerS normallzed durin 9 the optimization for better numerical 

The ^ weight minimization was performed with the COPES/ADS 

optimization program using the modified method of feasible directions 

pproximations were created for the objective and response variables 

using Taylor series expansions. At least three designs were required to 

generate a first order approximation. The original design was evaluated 

and two other designs were obtained by perturbing the design variables 

and analyzing them. This technique is not efficient for problems with 

large number of design variables, but works well here for this two 
design variable problem. 

FINITE ELEMENT MODEL AND TEST MODEL 

The MSC/NASTRAN finite element program was used to evaluate the 

i n ^ ^ "j o | u i . . , § ^ ^ ^ ^ was discretized 

r? LIUS wenty noded continuum elements, CHEXA elements in MSC/NASTRAN. 

J** t 2 1 p ° ssl ^. le to model the structure with plate elements because it 

f me ,f t , _ a tei L to one length to thickness ratio typically used for 

condition^ i DU ,f- t0 ex ^ stin 9 symmetry in the geometry, boundary 

li° ' nd ?- oadln 9, only one-eighth of the structure was modeled 
with the appropriate symmetry boundary conditions. The finite element 

n2fnir» W f S suf ff c f ent fy refined to describe performance characteristics 

l?* ? ptimi2a ti°n. It was necessary to further refine the model 

5 fv 11 gage locations for a more detailed representation of the 
strain at these points. 

- r „ T 2 ie 01 L igin . a l and final designs of the structure were tested using 
an Instron tension-compression machine to compare finite element results 
to measured strain data. Both the uniformly thick and tapered 

«iml!S^ r S S >, Wer Jf placed on a support ring to simulate the simply 
KSSfn L bo, i nda ^ y conditions. A thick piece of rubber was placed 
between the structure and the load plate. The Instron load cell applied 

locations t0 load plate a nd strain data was recorded at gage 


DISCUSSION OF RESULTS 

Optimization of the plate-like structure reduced the weight from 
13.5 lbs to 10.0 lbs, resulting in a 26% reduction. Both the initial 
design and final tapered configuration satisfy all the governing 
constraints or was said to be feasible. Figure 2 lists the geometry and 

the® Center 1 -nT"?? 10 " f °5>, a11 SiX desi . gns {tl is the Plate thickness at 
the center and t2 is the outer thickness). Note that once the 

optimization was initiated (designs 4-6) each iteration has some weight 

reduction as well as satisfying the feasibility criteria. 
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For the original configuration the maximum Von Mises stress of 33.9 
ksi occurs around the center hole on the top and bottom surfaces. For 
the final design the maximum yield stress of 37.6 ksi has been shifted 
outwards due to the taper. The maximum transverse displacement for the 
original and optimized designs are 0.025 inches and 0.034 inches, 
respectively. The maximum transverse displacement for each design 
occurs in the center and the displacement field is radially symmetric. 
The fundamental frequency of the optimized model was within 15.3% of the 
required value. Although this design constraint states that the 
fundamental frequency be within 15.0% this was close enough to be 

considered acceptable. 

A comparison of finite element strain values and experimental 
strain values for the original design and final design are shown in 
Figure 3. The strain components are for a total load of 23.0 kips, 
however the load was applied incrementally to the plates. The test 
results were linear and repeatable for a second cycle. The difference 
between finite element strain components and measured strain data was 
within engineering accuracy. 
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STRUCTURAL OPTIMIZATION 
OF THE PLATE-LIKE STRUCTURE 
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SUMMARY OF DESIGNS 



1 

2 

3 

4 

5 

6 


tl 

(in) 

t2 

(in) 

Max Von Mises 
(fci) 

Freq. 

*//z 1Hz % 

Max Disp- 

(w) 

Weight 

(lbs) 

2.065 

i 2.065 

33.9 

1.1 

II 

0.025 

13.5 

2.200 

1.800 

33.2 

4.0 

0.027 

12.5 

1.700 

2.000 

41.6 

7.9 

0.033 

12.6 


1.600 

37.9 

10.6 

0.033 

11.4 

2.229 

1.400 

37.6 

13.5 

0.035 

10.7 

2.529 

1.130 

37.6 

15.3 

0.034 

10.0 


* % of Required Value 


FIGURE 2 
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COMPARISON OF RESULTS 


ORIGINAL DESIGN 


Gage 

Test Strain 

1 1 in/in 

FEM Strain 
Ji in/in 

Difference 

% 

1 

1928 

2147 

11 1 

2 

1754 

1873 

7 

3 

. 1180 

1390 

18 

4 

478 

462 

3 

5 

519 

541 

4 


Gage 


OPTIMIZED DESIGN 


Test Strain 1 
ft in/in 

FEM Strain 
[ jJ. in/in 

Difference 

% 

2610 1 

1814 

30 

2660 

2050 

23 

2299 

1689 

27 

536 

431 

20 - 

636 

570 

10 


FIGURE 3 
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Abstract 

This paper presents the applicability of a biological model, based on genetic evolution, for 
engineering design optimization. Algorithms embodying the ideas of reproduction, crossover 
an d mutation are developed and applied to solve different types of structural optimization 
problems. Both continuous and discrete variable optimization problems are solved. A two-bay 
truss for maximum fundamental frequency is considered to demonstrate the continuous variable 
case. The selection of locations of actuators in an actively controlled structure, for minimum 
energy dissipation, is considered to illustrate the discrete variable case. 

Introduction 

Over the years, numerous techniques have been developed for optimizing the design and 
performance of engineering systems. Despite the wide variety of available techniques, no one 
method has proved to be entirely satisfactory across the broad spectrum of problems 
confronting a design engineer. 

Physical and biological systems are well known for their robustness, a balance between 
efficiency and efficacy necessary for survival under different environments. Features for self 
guidance, repair and reproduction are the rule in such systems, whereas they barely exist in 
most sophisticated artificial systems. Thus, where robust performance is required, nature does 
is better; the secrets of adaption and survival are best learned from a careful study of molecular 
evolution. The present work will investigate into the applicability of a biological model, based 
on genetic evolution, for engineering design optimization [lj. 

If one compares the biological optimization process with a mathematical optimization 
process, one can notice several similarities. The fitness function and chromosomes (genes) in a 
biological process are, respectively, similar to the objective function and design variables in a 
mathematical optimization process. Upon a close examination of strategies both the processes 
employ, one notices they have still more in common. The conventional strategy of 
mathematical optimization, iterative improvement, is just like evolution; its two elements, a 
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for matlwmatical^optimizatiorL “ '”**** ** W “ Mable “* 10 a be «- ^rithm 

In this work, algorithms embodying the ideas of reproduction, crossover and mutation 
R in **?• deVe ° P<! j J,” d applied to solve different types of structural optimization problems. 

the efficiency onhealgorltW 3 "^' 6 ° ptlmizatlon problerns have beeD scilyed to demonstrate 

Basic Procedure 

two n^tTnT!trfnr tiC Th lg ° ri K hm ^ SWapp5n S P^tial strings between 

g mgs. Three basic but very important operators - reproduction, crossover and 

mutation - are used to produce new generations over and over again. Reproduction is a 

randomized selection process in which individual strings are copied according to their fitness for 

survivLTof the fittlL™ S !“‘ lar to tbe ° atural se| cction process in which a Darwinian 

, h \ f t among ntrmg creatures, the string with a higher fitness value has a h igh er 

Z fodiv-d l n/ ep u : The probabilit) ' of reproduction can be determined by dividing 

recombination) ,s a primary operator in the mating process which generates the offspring or 

selecttag e the°oo- J” 0 . 51 ? 5 a . re , mvol ' r<:d “ the crossover process. The first step is randomly 
reunion of thL^ Z , (crossover) between two mating couple. The second step is 

depends on ihTd T u? C ° Up ‘ C ’ ? nat,lral genetic the ory, the recombination fraction 
M?ondarv^ rou ““ be ‘ wee “ the chromosomes of the mating couple. Mutation plays a 

oded string from o T“ alg0ritbms ’ M “fo«on, changing a particular bit of 

coded string from 0 to 1 or vice versa, is a random walk through the string space. 

Illustrative Examples 



indicated 6 ^ h ^ is required to support the loads 

dicated. The objective is to maximize the fundamental frequency of vibration with 

constraints on member stresses. The design variables are the cross sectional areas of a. 

members (continuous) with upper and lower bounds. The data are: E = Young’s modulus = 

on areis - ~~ °'V b/i j ’ permissiblc stress = 25000 psi, x{() = lower bound 

0 8 p -"o^hahir, r “T r b °“ nd °° areas = 10 0 to ’ P« = probability of crossover = 
u.8, p m — probability of mutation = 0.002, and population size = 50. 

th diff Ure V^ aQ f sh ° w the best * of -g ener ation and average values of fitness indices for 

obWntd ff ustoe r a M j'.Ti alg0ri ‘ hm - The “>lid "■» corresponds to the optimum results 
38.545 Hr to l n“ b “ ed f ar ' h Procedure. The three different runs gave values of 
* ’ Z anc * 37.437 Hz for co x which correspond to approximately 60% 

improvement "d “! ’S" ° f 2 J 4 '° 28 Hz gi ™ b ^ a b -ed meS This largl 

whkh in turn makes it l th ® n ° n ; de P endence of genetic algorithms on gradient information, 
wmcn m turn makes it less likely to get trapped in a local optimum. 
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Example 2i 

Selection of Locat ions of Actuators 

The problem of determination of locations of actuators and sensors in actively controlled 
structures is formulated as a zero - one programming problem. The equations of motion of a 
flexible structure can be expressed as [2,3]: 

Mv+Cv+Kv=Du (1) 

where M,C,K and D are the mass, damping, stiffness and t£e input matrices and v and u are 
the displacement and the input vectors. Letting x T = {v T v }, Eq. (1) can be rewritten as 

i=Ax + Bu (2) 


where 



I 

-M~ l C 

. 



and 




The optimal linear quadratic regulator method is applied to design the control gain of the 
feedback controller for simplicity. Accordingly, the input vector u is given by 

u = - R" 1 B T P x ( 5 ) 


where P satisfies the matrix Riccati equation! 

A t P + P A - P B R _1 B t P + Q - o (6) 


where Q is a positive semidefinite output weighting matrix and R is a positive definite input 
weighting matrix. Since the input matrix B is a function of the locations of the actuators, the 
system equations (l) and (2) will be changed if the locations of actuators are changed. 

The inverse of the input weighting matrix R is assumed to be a diagonal matrix 
containing ones and zeros only with l’s corresponding to the locations with actuators and Os 
corresponding to those without actuators. Hence, the system equations will remain unchanged 
during the optimization process. Similarly, the output weighting matrix Q can be modified 
such that the system equations for the estimation part are unchanged during the optimization 
process for sensor location selection. For simplicity, the estimation part is neglected, and only 
the actuator location selection problem is considered in this work. 

The objective function (criterion) proposed to be used in the actuator location selection 
problem is the energy dissipated by the active controller which can be written as 
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( 7 ) 


Ec = 7 / q T ° c q dt 
^ 0 


where q is the velocity vector and D c is the induced damping 


matrix by the active controller. 


Let 


1 = diag f] 


“ - jrj r 2 * • • r n j ^ 

ZTJor * »^ Zr ; Me denoting presence or 

selection problem can be stated as follow ^ ^ P roblem for the actuator location 


maximize E. 

ri,r 2> . . . ,r n ^ 

subject to 

n _ 

2 r i -m 

i-1 

and Fj = 0 or 1 ; i = l, 2 ,...,n 

in K Fig ’ , 3W k C ° Midered -«> ^ actuators. The 
respectively. Tta « » and 40, 

Conclusion 

optimS^p'lSbi^T^r^^'X^h"^ “ ntta ° U3 “ d discrete variable 
are found to be very effective in solvin * +• ? U f slm P* e guided random search procedures, 
globai optimal jf? cases, the 

the gradient based optl^ttn p"" ’ ° ft “ “P" 1 " *• given by 
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Abstract 

One well known deficiency of LQG compensators is that they do not guarantee any measure of robustness. 
This deficiency is especially highlighted when considering control design for complex systems such as flexible 
structures. There has thus been a need to generalise LQG theory to incorporate robusness constraints. Here 
we describe the maximum entropy approach to robust control design for flexible structures, a generalisation 
of LQG theory, pioneered by Hyland, which has proved useful in practice. The design equations consist of 
a set of coupled Riccati and Lyapunov equations. A homotopy algorithm that is used to solve these design 
equations is presented. 


1. Introduction 

The linear-quadratic-gaussian (LQG) compensator has been developed to facilitate the design of control 
laws for complex systems, i.e., systems that have large order and/or are multi-input multi-output. An LQG 
compensator minimizes a quadratic performance index and (under mild conditions) is guaranteed to yield an 
internally stable closed-loop system. Unfortunately, however, standard LQG theory does not guarantee any 
measure of robustness. This deficiency is especially highlighted when considering control design for systems 
with many lightly-damped modes such as flexible structures and has necessitated generalizations of LQG 
theory that incorporate practical robustness constraints for this class of systems. 

In recent years there have been several extensions of LQG theory that have included some form of 
robustness constraints (e.g., [1-5]). Many of these results can be shown to be equivalent to enforcing the 
requirements of the small gain theorem for some system transfer function [6]. It is not difficult to show 
that controllers designed with these results will not generally yield high performance, robust controllers for 
flexible structures since they assume a very crude model of the uncertainty (i.e., complex as opposed to 
real parameter uncertainty) within the controller bandwidth. However, one result that is fundamentally 
different in nature is the maximum entropy approach to control design for flexible structures [1-3] pioneered 
by Hyland. 

The maximum entropy approach is a generalization of LQG theory that explicitly allows the consider¬ 
ation of a form of real-valued parametric uncertainty. The name derives from its apparently coincidental 
relationship to certain stochastic models. Controllers designed using this method have several useful fear 
tures. First of all, for certain structural control problems the maximum entropy controllers will be positive 
real in the controller bandwidth. This is extremely important for flexible structures since positive real con¬ 
trollers often allow high performance control even when there is significant system uncertainty. In addition, 
the maximum entropy controllers are often reduced-order controllers. Thus in practice the maximum en¬ 
tropy robustness constraint aids in choosing the order of the controller and is a numerical aid in controller 

reduction. 

The maximum entropy design equations consist of a set of four equations, two Riccati equations coupled 
to two Lyapunov equations. The coupling between the equations is a function of the assumed uncertainty. 
If no uncertainty is assumed the four equations decouple and the design equations become the two standard 
LQG Riccati equations. To enable this theory for engineering practice it is of course important to develop 
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33C 4 -*• d -*> equation*. This paper prints „ ch „ 

it is based on theory thi^^bd*to nrtwT ° f * homotopy algorithm is that 

generally not dependent upon having initial conditions which ’are ‘clothe “ 

andis 3 P b “sr ~ on ° f bott -*«- 

scribes their derivation. Section 4 presents a flowchart destrihfo ??? tropy d# "p equations and de- 
illustrates some features of maximum entroDv controller. • * * homotopy algorithm while Section 5 

NASA Marshall Space Flight Center. Finally Section 6 offerllme'TolkdSgSart' ^ “ 

2 * A Brief Description of Hoxnotopy Algorithm Development 

A “homotopy" is a continuous deformation of one function into another n„ n. 
homotopy or continuation methods (whose mathematic! h» • • i u “ ther - 0ver tte Past several years, 

have received significant attention in the mathematics literature an?hL aiC H° POl 0 gy r ai j 1 dlfferential topology) 
important problems fe a [ 7—811 p,v . , have been applied successfully to several 

o f .w ffTiKSrs b “ ■ ho b ;r to 

very brief description of homotopy methods for findin* L 't J h P ^ rpose of th “ gectlon is to provide a 
reader is „f,„J to (9) f„ r The 

Jo», b “ k Pr,>bl ' m “ “ ,0 “ m *- G ' V ' n U “ d V » ®" *«d a mapping F: U-V. find 

n«)=0. 

o":r<■* t fc ,„ ( |0 , „ _ E . be 

continuous «nl (.(') J m K m’, a know, .elution u, to H(, 0 ) =. 0 , (iii) there exi*t* , 

(iv) the cun., ( “i 0, ' 0) * ( “”°> “ d 

actual curve (u( 7 ), 7 ) 8Uc h that the initial solution «( 0 ) is transformed? T * P f° C ? dure to com P ut « the 
0 = tf(u(l), 1 ) = F(u(l)). ' transformed to a desired solution u(l) satisfying 

There are two related methods of following the curve (uM *,1 
methods. Continuous methods work by differentiating!Z’ n contmuoua methods and discrete 
differential equation 7 ll " g H ™' *») = 0 Wlth r «P“t to 7 obtain Davidenko’s 

dH du. 9 H 

8u d 7 + = °‘ (2.2) 

S b h,d*l“d“ ) orutbn { „ 2 (S).' i ' fi "'‘ “ ““ U1 V * 1 “ P ' 0bUm wtlch b X numerical integration from 0 to 1 
Discrete metkode work b, partitioning the interval |o,l| to obtain a fi.i„ chain of problem* 

■N(“. 7 fc)= 0 , 0 = 7o < 7l < ... < lN = j ^ 

fk^ ,b oi. l ,"T.r“l,Tk“ ( l^ tion scheme with n h0 „ 

the homotopy path from u( 0 ) to u(l). ‘ Ulte f rat ' on °f Davidenko’s equation, it does follow 

c..b T .!i;t o ts X^rSotrcT, r d *r. ntk ““ s 

the discrete homotopy uses continuous homotoDies to <nlv f •* C ?. Ca * lteratl0n 8 cheme which advances 
subset, of the mani ..fropy""",. ,,?.^“dlriM b.W. " 0 " W “ *' g ' br “ C » 
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S. The Maximum Entropy Design Equations 


Consider the system 

i(t) * j4x(t) + B«(t) + u'i(<)« y(t) ■ Cz(t) + «® 2 (*) (3.1o,6) 

where x € IR n *,u € IR”*,y € IR n »,wi € IR n * is white disturbance noise with intensity Vi > 0, and 
u»a € IR n » is white observation noise with intensity V 3 > 0. 

In the standard LQG problem we desire to design an nth order compensator, 

x e (t) » A e x e (t) + B e y(t), u(t) = -C e x e {t) (3.2a, 6) 

which minimises the steady-state performance criterion 

J{Ac,B c ,C e ) = lim E(z T (t)fiiz(0 + « T (t)f*a«(t)l ( 3 - 3 ) 

' !“♦ oo 


where x e € IR”, Ri = Rf ^ 0 and Bj R% > 0. 
Define A and R as 



—BC, 

A e — B e DC c 



0 

CjRtCc 


and let Q be the closed-loop steady-state covanance, i.e., 

0 = aq + Qa t +v. 


(3.4,5) 



Then, the cost can be expressed as _ . . . 

J(A c ,B e ,C e ) = trQR (3- 7 ) 

and the solution to the LQG problem can be obtained by using Lagrange multipliers to optimise (3.7) subject 
to the constraint (3.6). 

The standard LQG equations do not explicitly incorporate any robustness constraints. Thus, it is 
important to find generalisations of these equations that allow the synthesis of robust controllers for flexible 
structures. One such generalisation is the maximum entropy design equations, whose name derives from 

their coincidental relationship to stochastic modeling. 

We now assume that the A matrix of (3.1) is in the form 

A = block-diag{A^, A* 3 *} (3* 8 ) 


where A^ represents the nominal dynamics of the uncertain modes and is in real normal form; for example, 



block-diag{ 


- 1/1 

Wi 



0*3 

.-"1 

- 1/1 

m 

- 0>3 

m 

- 1 / 3 . 




Also, assume that the only the modes with complex eigenvalues (corresponding to the 2x2 blocks 
are uncertain and that the uncertainty patterns A, € nt n * xn * are of the form 





block-diag{0, 



1 

0 


,0,...,o}. 


(3.10) 


Notice that for lightly damped modes essentially corresponds to frequency uncertainty. However, in 
practice this representation of uncertainty can also be used to account for uncertainties m the damping and 

mode shapes. 
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Tk. ME Ration. are d«M by nidifying t h . .„„»r,i., (J ^ 

0 = A.Q + QA? + V + Y'AiQA? 


where n„ is the number of uncertain modes, 


1*1 


(3.11) 


** = Wock-diag^, 0„}, A. = A + ± V) A?. 

2 

Op.tab.tioo, using tk. constraint cqnation (3.11) tkcn yields tke [oDowin, ,, 


(3.12,13) 


set of design equations: 


0 - A.Q + QAT + - QC^-CQ + ^UQAT 


1*1 


o = Ajp + PA. + R p - PB R^ 1 PB t + jr a ?AiPA? 


0 = ApQ + QaJ + QC T Vf l CQ 

o = a%P+Pa q + pbr^ 1 b t p 


.=1 


where 


(3.14) 

(3.15) 

(3.16) 

(3.17) 


A, - A+ Y^ a f A? 


• a 1 


The controller gains are given by 


V c} - Vi + £ aUiQAj, R p = R 1+ jr ajAjPAi 
• *1 ,_ mt . 

a p = A.- BR^ 1 B t P, Aq = A. - QC T Vf l C. 


(3.18) 


(3.19) 

(3.20) 


A c = A- BR^ 1 B t P - QC r V^ l C, B e = 


... C , - v „- y.-c-. B e = QC*V,-‘, C. - (3.21) 

'ZlT ‘ h '” ,3 U) (3 IS » («•) «d (3-17) and bacon,, tk, LQG Ricci 

4. A Bomotopy Algorithm for Solving tbe Maximum Entropy Design Eqnntion. 
define^the “ d '°“ id " * k « Ration. -kick are used to 


axe used to 


A -W" + «“ +, ’ d - w + r 4 "h) - «<-' C Ty r .c«(.7. i +7 ^1^ W| , 


1=1 


A. h )p(*+‘) + P^* 1 )A.h) + _ ^* + 1)^^-!^*+,) +ijr a 2 A Tpik+l) Ai 

4‘ +1) W<5 ( * +,) + <}(*+») 4 fe+1 ) T ( 7) + 

^ + 1 ) T ( 7 ) p(* + 1 ) + p(* + 1 , x (* + l)( 7 ) +p(t+1) ^_ 1B/>(fc+1) 


where 


(4.1) 

(4.2) 

(4.3) 

(4.4) 


w 

A»h) = A + 7 q t d4? 


1=1 


(4.5) 
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(4.8) 


VP M - Vi +7 E A?, 

t>l 

Wh) - A.W " BR£ 1 B T P^ k \ 


*? , (7)-i*i + 7E a ?^ (fc) ^ 

•*1 




(4.7) 


Also, define 

a£>( 7 ) = A.( 7 )g<*> + Q (k UJ( 7 )+V< fc) ( 7 ) - g (fc) c T V a - 1 cg< fc ) h^E^a^a? (4.8) 
W W *»1 

a£> (7) 4 A7(7)P< fc > + P {k) A.(' 1 )R^('l) - P {k) B T R; l BpM + 7 E a?A?P (fc U (4-9) 

» = 1 

A< fc) ( 7 ) 4 A *? 1 (7)<5< fc > + 0 (fc) 4‘ )T (7) + QWc'V^CQM (4.10) 

A ( 7 ) 4 + Pl k) A {k) ( 7 ) + p( fc )B^- l B T P (k) . (4-11) 

Equations ( 4 .l)-( 4 . 4 ) are identical in form to (3.14)-(3.17). In the homotopy algorithm the matrix 
functions A^ * ( 7 ), Ap( 7 ), ( 7 ) and A £'( 7 ) defined respectively by (4.8)-(4.11) are considered equation 

errors. 

The normalised norms of the equation errors are defined by 


•S’ * |aS>WU/|V 4 (7)|*, «?> 4 |A?>Ml4/l«Ah)U ( 412 > 

,w « I|a^b)|„/|« ( ‘ I C T ^- I c«“ l iu, ’? 4 l|a < ; 1 h)l^/|f ( ‘ l SR 1 - , s T P l ‘ l »x «.ts) 


where 

||M|U 4 max |mj/|. 


(4.14) 


The maximum normalized error norm is denoted by em*x(7) and defined by 


e&M = m«{«S ) (7),4‘ ) (7).*J ) (7).i M W}- (4-15) 

A 

x 

Figure 4.1 presents a general flowchart of the homotopy algorithm. The outer (j) loop corresponds to a 
discrete homotopy. The discrete homotopy is advanced by the iteration scheme described by the inner (/) 
loop. The inner loop requires the solution of (4.1) and (4.2) using continuous homotopies. The integration 
schemes we have implemented to advance the continuous homotopy use Euler integration with a Newton 

correction. 

The algorithm assumes that for some positive integer N 


0 = 70 < 71 < • • • < 'ftr-i < IN = 1 


(4.16) 


The sequence {«>}£.<, of positive numbers determines how closely the algorithm actually tracks the 

homotopy curve. 


5. Illustration of Maximum Entropy Controllers 

This section illustrates some important features of maximum entropy (ME) controllers. The results 
presented here were developed while designing decentralized control laws for the ACES structure located at 
NASA Marshall Space Flight Center (13). This testbed has been used to conduct experiments on structural 
control and is especially suited for studying line-of-sight (LOS) control issues. 
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b .y.r r ‘ri j ”T yiht " im ? c ° Mr ° i Tt ' ■*»»'■ ^ <■« 

* 1 *”“- ii«-ui. m .hi. 6t ™ : G t » d bStoo-y ' 

for each loop^we^nalw o^ly ^^e^deTl^thm ^.kceTh H ^ ‘TT U th * contro ^ de8 S* 

D«. to -ifniBcut unc.rt.inty fc th . d., igI1 moitlt tu ME L °? || p ^ rf ” m "“- 

high performance control laws to achieve the LOS objectives. ntial m de81 ? nin ? 

Figures 5.2 thru 5.4 demonstrate some of the kev feature* nf tii. h/Tr 1 __ .. 

phase of the LQG and ME controllers in the controller bandwidth While the LQC* / 8 *n * 5 ’ 2a ^ ow * tlie 
widely the ME controllers became positive real in thiTeg “n ^ 

“ Crt “‘^ Thu *' *■“ ME F"»** tl. ...biUty robo.tn.as il lh. con.To^ 3 

that^F 3 8h ° WS magnitude ° f the L< 3 G “ d ME controllers in the controller bandwidth Notice 

compensator magnitudes are much smoother than those of the LOG controllers thus nmvirl• 

ssSaSSSSSsSSSSS5 

6 . Concluding Remarks 

and hL“ presented* ^ T" 3 ??™ entro Py dMi «° for robust control of flexible structures 

the di»cret”^omotopy < paramet^nr nt ^ m “S'*” th ‘ S# eqUati °“‘- Th « *««" used to JvZ 

Riccati equationiL^The c««ibUi^s^of*the C ai ntm,, iv n8 T*™ *° ‘° Ive a cerUia P* of modified 

designs were illustrated bv stndvin i j°” 80me un P ortant features of the maximum entropy 

Center. by ‘ tUdymg C ° Dtro1 de81 * n for the A CES Structure at NASA Marshall Space Flight 
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Intialise j — 


70 = 0- 


Initialise Q(°) | p(°) | Q(°) and by solving 
the LQG problem. 


Use (4.8)-(4.15) to compute the maximum 

' 7 ' fh\ 

normalised error norm 4ixh)> 


«iiL(7) ^ *» ? 


Use a continuous homotopy to deform and 
into the solutions and of (4.1) and (4.2). 


q(o) «_ $(*), p(«) _ p(fc) 

$(o) _ $(*), p(o) «_ p(k) 


Use a standard Lyapunov solver to find the solutions 
<J( fc+1 ) and p( k+1 ) of (4.3) and (4.4). 


7 “7/ 



_ l y° s 

Q a P a p( fc ) 

(J = $(*) f P = £(*) 


END 


Figure 4.1. Flowchart of the Homotopy Algorithm for Solving the Maximum Entropy Design Equations 
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COMPENSATOR PHASE IN THE PERFORMANCE REGION 

------------- 

SOLID- WiOUT MAXIMUM ENTROPY 

DASHED-WITH MAXIMUM ENTROPY 


. . , , tK . compensators for the AGS to BGYRO loops positive 

Figure 5.2. Maximum Entropy design rendered the compensa 

real in the performance region. 






f° r tJ ”, AGS *° BGYRO loop* Maximum Entropy design smoothed out the compensator 
magnitudes in the performance region, thus providing performance robustness and also indicating ^hat the 
robust controller, were effectively reduced-order controllers m<iicating that the 



Figure 5.4. For the AGS to BGYRO loops Maximum Entropy design robustified the notches for the high 
frequency modes by increasing their width and depth. 
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Ahstract 

An algorithm for solving constrained optimization problems is presented. First, design of 
experiment techniques are used to survey the design space. After evaluating the objective and 
constraint functions, as specified by Taguchi orthogonal arrays, analytical 
functions are generated using a least-squares regression analysis. Next, a nonlinear programming 
package is used to optimize the analytical model. Based on the optimization information, the 
design space is reduced so as to close in around the minimum, and the entire procedure is repeated 
untifconvergence. An important feature of the algorithm is that function gradients ^ notrwpural, 
therefore, for problems in which gradients would have to be estimated using finite-differences the 
number of function evaluations required for the optimization is significantly reduced, when 
compared with traditional nonlinear programming techniques. In addition, there is no requirement 

that the gradients must be smooth and continuous. 

Introduction 

Nonlinear programming techniques provide the solution to the following optimization problem: 


minimize F(X) 

subject to XL < X < XU and CL £ C(X) £ CU. 

F(X) is the nonlinear objective function, X is the vector of design variables, and C(X) is the vector 

of nonlinear constraints on X. The lower and upper bounds on X are XL and XU, respectively. 

Likewise, the lower and upper bounds on C(X) are CL and CU, respectively. F(X), C(X), and their 
derivatives must be smooth and continuous. 

NPSOL (Ref. 1) and ADS (Ref. 2) are two optimization routines that have successfully solved 
the stated problem, but the dependence of these algorithms on constraint and objective function 
gradients reduces the efficiency of the algorithms. Objective and constraint functions are often 
generated numerically by computationally intensive analysis programs, resulting m the need tor 
finite-difference estimations of the gradients. The use of finite-differencing increases the number 
of function evaluations required for the optimization, making some problems prohibitively 
expensive The requirement of smooth and continuous derivatives is another limitation. When 
data is loaded into computers in the form of tables, linear interpolation between points in the tables 
results in piecewise linear functions. This adversely affects the convergence of search methods 
that are dependent on gradients. 


Copyright © 1990 by General Dynamics Corporation. All rights reserved. 
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exn/rim^fn^op?^ developed *° address *«? limitations. Statistically based, design of 
expenment <gOE) techniques and response surface methodology (RSM) were combined to create 

an interface between a nonlinear programming algorithm and the optimization problem. The 

complete package of subroutines that was developed is designated CODES (Constrained 

DOFlSh^l of Experiment Surfaces). Commercial software is available that uses 

UUh methods and RSM for optimization in an interactive environment (Ref 3) CODES differs 

from tiie commercial software in that it allows the optimization process to be fully automated (i e 

CODES can be Irnked directly to any analysis program). In addition, unlike the commercial '' ' 

software, CODES iterative methods attempt to yield a solution that has been verified as a local 



CODES employs DOE methods to determine which points in the design space to use when 
performing the regression, pie goal is to use the smallest number of points that will produce the 
rw; rc ^ ssl . on equation (indicated by the correlation coefficient). Experience has shown that D- 
Optimal designs (reference 4) best satisfy these needs, but the inability to create D-Optimal designs 
for large problems (greater than 8 variables) led to the use of Taguchi orthogonal arrays (Ref 5) 



The objective and constraint functions are modeled using nonlinear least-squares regression The 
regression equations are of the form, 4 & h on ‘ A ne 


F = + ^ + + + + »7 X 3 ♦ P S X 1 X 3 + + V 


+ ... ( 1 ) 


and are generated as follows: 


Define, 


p “ ^n-^rof data points (function evaluations) specified by the experimental 

t = the number of terms in equation (1) 
v = the number of design variables 

Xy = the value of the ith variable for the jth data point (by definition Xqi = Xjn = 1) 
Yj = the value of the objective (constraint) function(s) for the jth data point. 

The solution, {p}, of the linear system, 

[LHPMR} 

is the vector of coefficients from equation (1). 

Matrix [L] is of size txt and vector {R} is of length t. They are generated as follows: 


P 

Xm .M . 

M qj rj 


P 

Xm Y. 
H qj 1 


(q=1.2.t; r*1,2.t) 
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where [M] is a matrix of size txp and is given by. 


M 1j” X 0j X 0j’ 




M 2j* X 0j X 1j’ 

M 3f X 1j X 1j’ 



M 4j“ X 0j X 2j f 

M 5f X 1j X 2j- M 6f X 2j X 2j' 



• • • 

M kfVvr 

M k+lf X 1j X vj. 

Wvj 

0-1,2.p) 



CODES was developed so that only the interaction terms (such as feX, X 2 ) that are specified by 
the user are included in the regression. For example, if the term P 5 X! X 2 was excluded from 
equation (1), M 5 j would assume the value of M 6 j (equations(2)), M 6 j becomes M 7 j, etc. 

Optimization 


A collection of nonlinear programming subroutines is used to minimize and maximize the 
analytical representation of the problem. The actual objectiveand constraint f^ns are then 
evaluated at the optimum points of the regression equation. This is done m order to venfy that the 
minimum (maximum) of the analytical model decreases (increases) the actual objective function 
when compared to the points used in the regression. The verification is also used to ensure that the 
SSSsfiti If, during the search, a feasible point has not yet been found, the 
point that minimize s the largest constraint violation is used as the current estimate of the minimum. 


Reducing th e Design Space 


The design space is reduced by decreasing the search range for each variable. The goal is to 
close in around the optimum as quickly as possible in order to speed up co ^Sence, although, 
reducing the search ranges too quickly increases the chances of eliminating the true mirumum from 
the design space under consideration. This elimination can occur because the analytical model does 

not exactly represent the actual problem 

The strategy depicted in Figure 1 shows the design space reduction process. It consists of two 
primary stepst 


(1) Reduce the search range for each variable so that the current estimate of the 

minimum is at the center of the new design space. 

(2) If necessary, move the limits so they are within the previous search range. 


The lower bounds on the variables X, and X 2 are XL-,(1) and XL 2 (i), respectively (Figure la). 
Likewise, the upper bounds on the variables are XUi (1 ) and XU 2 (i ). The search range for X-j is 
changed by moving the lower limit to XL 1 (2) (Figure lb). XL! (2) is found by bisecting X 1Fmax 
and X lFmin and XU, (2) is chosen so that X lFmin is at the midpoint of the new range. In order to 
ensure the search range is reduced, the upper limit of X, is reduced to XU! (3 ), the initial bound on 
Xi (Figure lc). The search range for X 2 is reduced in a similar fashion except XU 2 (2) is chosen to 
bisect X 2Fm j n and XU 2 (1 ).This particular technique was chosen after trying several schemes, 
although it is possible there is a more efficient method. 
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XU 2 (3)_ 




XL 2 {3)_ 


' « 





XL, 

(3) 1 XU-| 

(3) 


1c 

Figure 1 - Design space reduction process. 


Algorithm 


algorithm 2 ° f thC numericaI Procedures are integrated to form the optimization 

same Sltf SSh?? lnll?? S J?, lteratl0ns thc “uumization of the analytical model yields the 
same results, within a specified tolerance, convergence is assumed Analvcic nf th* u 

range for each variable indicates the validity of the solution. If the value of a variable is driven to 
eliminate^frtm the design ra ” g '' ‘ » of d.'SSSStS" '° 
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Evaluate the objective and constraint functions as specified by the 

experimental design (Taguchi arrays) 



Generate analytical functions from nonlinear least-squares regression 



Optimize the analytical model of the problem using a nonlinear programming algorithm 



Figure 2 - CODES flow chart. 

The availability of analytical equations that represent the problem is another advantage of 
CODES. Users of optimization software will (and should) always be suspicious of solutions 
generated by a computer. Analytical equations allow for greater visualization of the problem 
trough computer graphics. This builds the user's confidence in the solution. In addition, the 
analytical models can be used for sensitivity studies at very tittle cost in computer tune A measure 
of the sensitivity of the objective and constraint functions is often just as important as the linal 

solution. 



Objective 

Function 

Design Variables* 


Number of 

Optimization 

Technique 

Take-off 
Gross Weight 
(lbs) 

Wing 
Area 
(ft 2) 

Engine 

Scale 

Factor 

Aspect 

Ratio 

Wing 

Thickness 
(% Chord) 

Leading 

Edge 

Sweep 

(deg) 

Function 

Evaluations 

Traditional 
Methods ** 

32.834 

379 

1.16 

2.80 

3.5 

42 
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CODES 

32,752 

385 

1.15 

2.79 

3.5 

41 
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* Subject to 9 performance constraints 
*• Not directly aided by optimization software 


Table 1 - A typical aircraft design synthesis parametric study. 
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techniques. No^e^thanhe" saJn?we^ automated optimization . 
resulted in an excess of 80% time:S a tSS !5* b ? th ^^ques, but the use of CODES 
CODES* potential to findglobSoS?TTtis t* , ff hod » P^ted here is 

how DOE techniques evaluate points throughout the design spTce^hi^dH^ 6 7 * * ^ 10 ^- 67 c . onsiderin g 
regression using a second order equation ensures that the m a ^ IO , n ’ performing the 

not have many local optima. 1116 madiemaQc al model of the problem does 


Conclusions 


SZSte" Taos’S tam ST ^ opdmizat ™ P"*^ using the 
manpower requirements to analyze and verify the results ter run time along with reduced 

encountered so far is the maximum !S,5 "f ,*L 171(5 ^ significant limitation 

Preliminary indications place this limit in the rangeof 30 to SwanSe?Jdththe T g these f methods - 
being the size of available experimental design arrays. ab es Wth ** lmutin g factor 
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Abstract: With structural design in mind, a new unified variational mode 1 has been 

developed which represents the mechanics of deformation elasto plasticitywi un 
lateral contact conditions. For a design problem formulated as maximi“ tion of 
load carrying capacity of a structure under certain constraints, the unified model 
aHows for a simultaneous analysis and design synthesis for a whole range of mechan- 

ical behaviour. 

1 INTRODUCTION. In order to express structural optimization, it is neces 
have an appropriate expression in variational form for the related structural 
ics analysis With structural design in mind, a new unified variational 
presented which represents the mechanics of deformation el *f'‘‘-P 1 * 8 **®* ty ^ 

tact boundary conditions. The basic formulation of such problems is most natural in 
the form of a mixed variational model, with structural state expressed in terms of 

(independent) stress and displacement fields. However, a pure s " ess (f °^ C ® ) ^^°d 
can also be obtained, and this constitutes the basis for the unified method developed 

for the formulation of a load carrying capacity design problem. 

This paper constitutes an extension of earlier work on a unified model of «l“to- 
plasticity that encompasses pure elasticity, elasto-plasticity, and lim J 

sis (rn. r21). The general model provides a monotone relation between the evolu 
of plastic deformation and contact and a global measure of system energy. Forthe 
optimization problems the variational formulation is usually added as so ^ca_ 
equation constraints by including a set of necessary conditions for ^variational 
statement, using both stress, displacement, plastic multipliers and contact p e 
as state variables (see e.g. Refs. [3] - [6] for sensitivity anaiysisand designfor 
the case of contact, an<) Refs. [7] - [9] in the case ofelasto-p astic .^ v . i ° u r| fi 
The approach advocated in this paper, however, treats the analysis Problem in 
original variational form. For certain design problems it is demonstrated that^more 
direct approach can be taken which combines the analysis and design goals into one 
broader variational statement. For a design problem formulated as maximization of the 
load carrying capacity of a structure under certain constraints, the resulting °P 
mization problem becomes especially transparent and gives rise to very interes * 
relations between so-called design constraints and unilateral constraints ar ng 
from the plasticity and contact conditions. 

It should be stressed that with a view to perform simultaneous analysis and design, a 
mixed variational model is less attractive because it implies a max-min formulation. 
Our goal has been to develop a pure max or jxire min formulation such that state- 
design quantities can be treated as simultaneous uarlables in the computational pro¬ 
cedure. This is a potential advantage in terms of computational cost relative . 
e.g.. usual schemes where the equilibrium equations are solved exactly *° r 
step of redesign, although, at the intermediate steps of redesign, this is not neces¬ 
sary because the design may be far from the optimal solution. Although th *™ et ^ 
proposed in this paper involves treatment of all the variables at the same ‘ lred 
computertime may be reduced due to saving of a large number of iterations required 
fo7 sequences of "exact” solutions of the equilibrium equations for intermediate 

designs. 34Q 


J 



iL_ VARIATIONAL Monrr q p or , 

structures (FEM discretized cent i nu^% true Cures') ^ si | " pllclt 3 r we consider truss 
variational model in bar forces q and noil di ^' analysis Problem, a mixed 

( cf - [10]): q nodal displacements x can be expressed as 


max min 
q x 


in |x T Bq - I q T Qq _ f T x j 


(1) 


where B denotes the compatibility matrix O rh» ^ • it 

«* ‘he complementary enerey) and f the , "" " -trix (l.e. i q* <*, 

““ ^ extended to elas.o-plastlclty »Hh“f 1 f ° rC<!S ' lhI * m,xed 
by adding yield constraints of the form ionless contact at nodal points 


K /A i I • i = 1.NB 


1 1 ’ .. (2) 

with conditions 81 ^" StrCSS ' ^ ^ arCaS ' ** ^ the nUmber of alon 8 


x j * Xj • i = 1.NC 


(3) 


for the unilateral contact constraints. In 13) v < 

nodal points and DotenM i X J * given initial gaps between 

points and potential contact surfaces anrf wr .u 

tions. If no contact surfaces are rt, , * s c ^ e nun, ber of contact condi- 

Bq e f . and »« have th. V T * ln <» ‘"Plies 

Known case of holonomic elasto-plastic analysis ([11]): 

{|q T 0q | Bq = f; | q i/Ai | ^ - , , , ,. m j ^ 

([if]) S 1 .:‘; o ^SS 0 3 , “ tlC Str ” tUr “- “»!' 1— Problem play, a key role 


™(“J l q l^,ISP. 1.1. ra }. 


(5) 


A mixed form of this problem is 


'-..in{x T B, | f T xe, ; Jli/Aj S 5 . i , ,.. 


( 6 ) 




can be combined into 


max 

<*.q 


{a j Bq = af; IqTqq ^ - 2 ., q 1/A j ^ 4 = j. 


(7) 


* qT - - - -r:::; err r n :rr— 
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- (7) ls a„ elasto-plastleity model, and ». have a monotone relation between the 

increase in the load carrying capacity o and the global measure a of system 
energy. 

If we now include the contact, condition, the displacement variable X 

froTrn by use of conjugate duality (A. Ben-T.l: private common, cation). In the case 

it.- . i wr* we eet a formulation 

of symmetric bounds on x , i.e. I x j I £ x j * ^ 


max 

ct,q 


| a - 2 x j | (Bq - af) j | |q Qq i : | q i / Aj | ^ 


a . i = 1. 


. Nb| (8) 


where we set x = ® in the case of no contract condition. If the constraint on 
complementary energy is not active .« have defined a limit load problem for plasti- 
city with possible contact. 

u m»mn ATtnN OF UNIFIED ANALY S TS PROBLEM BY MEANS OF CASriqlT*llO s awp THEOREIj 

The pur. minimum and maximum character, respectively ofthevariationalformulations 

of the analysis problems (A) and (7). may be preserved even if t 

considered, if we make use of Castigliano s achieved in the formulation 

conditions (3) in term, of force. A .lmllaradv«ltage ‘^“hievedi^th.^fo 

(8). but we now consider one-sided bounds (3) on . an 

tion on principles of mechanics. 

Let us denote by r the possible external contact forces exhibited by frictionless 

plane surfaces that may constrain nodal displacements of the truss. If 
onrc t-ViA #>nu»tions of eauilibrium changes to 


Bq = f + ar 


(9) 


where the matrix a projects the contact forces onto the ^i^tions of 
nodal forces f . The potential contact forces are orthogonal to 
contagt surfaces and taken to be nonnegative. 


r j >° 


j = 1 a ... • NC . 


( 10 ) 


when directed along the outward normal. Non-zero contact forces r } imply a change 

in the complementary energy \ q T Ql through (9). and according to Castigliano's 2nd 
theorem the nodal point displacements in the directions of the external forces 

r are simply given by 


X J = 


a(| q T 0q) 




j s 1, ... » NC . 


(ID 
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Since 


rj and hence Xj Is directed a ray from the contact surface, the kinetic 
contact condition (3). where the initial gap x is eiven <« n 

of forces. J giVen * 1S now expressed in terms 




J = 1.NC . 


( 12 ) 


fact that r ^ ^d ^r]’Jo* ^pecuiely^ d^ P ^ blem 18 charact erized by the 
n2 ) is s„Jt< a J ,. y ' d * P " Kllng on » h «her the condition 

condition for the cont“ ^bl^^Lve'' 1 ’' 311 '’'' 1 ’ >US ’ “ “ additionaI governing 


j( [®^] =° • 


J = 1.NC . 


(13) 


^nei^n^^i ^^^fonows'^o'a^low f<!i^ con^acT~conditlonTr^ S * S Pr ° blem (4) ^ "" b * 

"ln{iq T Qq | Bq = f + ar; I’l/AjiS, 1.1. nb ; r,10. 

J 

’ ■ ^ i X J • r J ‘ ( SfJ - ] * *J - 0 • } - 1 .NC } . (Id) 

^ • • % ■ 


th:‘u^' iL^ob f o7ZtT P 

f I 


"ax < a Bq = af + ar ; ^ q T On < I 2 . / * | v - 

a.q, r ( 2 q ^ S £ ■ I 1 7 A j I i o . i = 1.NB; 

« 

r J 2 ? • " [dr|-] ^ s x j • r j * [gj^-] QqtJj =o . j.i . N } (is) 

s"ii': 1 : 1 ™*'o°/^rj /3r r id * •»—*- by 

redundant and redundant forces (cf. [13 ]) dltIon 31141 separation of forces in non- 
truss In Fig. l “nh t0 speci^ ly *‘i* s ?ic b *'ta/^s’uf'fTess^ the E J lai “ fiv ' _l f r 

* ■■ f• ■>< • -———. a such it ei.st“t y P “ 

hand nodal "t, J ?or th 1 chYi™ 1 f“‘ t “ “ r “* '■ « the upper, right 

with the 1ni H , - ^ frictionless contact surface is defined along 

is depicted in t^fi^re tLouS n The 0 den he d SOlUti0n C ° th * elastlc contact Problem 
forces q , i — i 1 thr ^gb the dependence on the load parameter of the bar 

, 1 . 5 ’ and the horizontal displacement h and vertical dis¬ 

placement v of the upper right hand nodal point. 
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CONTACT ANALYSIS (PURE ELASTICITY) 



NO CONTACT CONTACT 

-* 4 *- 



4. DESIGN FORMULATION. 

The variational statements of maximization of the load carrying capacity constitutes 
a natural basis for the formulation of a unified analysis and design problem (see 
Ref. [12], Chapt. 10 for a discussion on the advantages of such a setting). Denoting 
by A. the cross-sectional areas of the bars in a truss, a combined problem formula¬ 
tion. with A. , 1 = 1.NB , as design variables, takes the form: 
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a 


maximize 
a,q,r, 


so : 


Constraints of variational 
problem 


{ 


f Constraints on design: 
I NB 


l. 


i=l 


li A i * V 


A S A i A 


} 


This problem maximizes the load carrvine canacitv „ 

compliance and for a eiven volume Fnr a ^ j , a given structure, for a giveen 

%jr;r is ln the v,:r, e 

ro a „|«M J t 1 * to ® contact force and an active stress constraint elves rise 

allowing the stnl^re^o^eld 0 ^!” 1 tl^ ulti "* te load carrying capacity, 

tact forces Tf^T™ K ^ ^ explore the possibility of advantageous con- 
j. ci > orces • If displacement and stress constraints are to be included as Dart of rhe 

tl The^fVec;‘ n f 0r „um 1 /‘ ,0 “ n “ d /° ba «» prout statesmen t^that 

strains (cf [1?]) yin ® C0 " taCt f ° rCeS “ d plastIc deformation from such con- 

depeJence°'of '3^*“ a , ““ * her ' intact is not present and illustrates the 
P nee of the optimal load carrying capacity a on the compliance constraint 

value e and the volume constraint value 



design constraints £ A becoming active. 




fig.2. 
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INTRODUCTION Memphis State University, Memphis, TN 38152 / ' b 

structures. Thrdesign^hodolo^ p^mS here^^lUpie ^ pr °Il! he ° Ver311 perf ° rmance of n °n»near framed 
Junctions involve the buckling eigenvalues and eigenvectors ofThHtrSre TZ Whose ^Jecthe 
design variables is used in conjunction with an optimalitv criterinn annm k constam voIume with bounds on the 
so,™* complex Oeslpo prop,erne and genera,* fends to**™*.™ 3K£, : '■*>' *» 

geometrical* finear analyse * empfoyedwMi the™nsMuence tta slnic,urB - >n most applications 

Direct* optimizing the limit load of the structure wouldtLuire a full Mnhnel/f ”‘ 1 * °' ““ d4,i, “ “ ° v 'f“timated. 
be prohibitive* expensive. The objective of this paper isut develon ?n ,u “ “ Ch iteral ‘°" which would 
geometrical* nonlinear framed structures while avoiding the nonlinear analysis?” Ca ” lmprov ' Ihe '‘mit-load of 

multiple^oadmg “SStn £ JP ^ — 

be applied ,0 the structure simulhtneTuSy of£^£e£* k * U ° c ”» “" d °' '<*“* «>a. can 

complicated*™ rartyout? bm?b£££dmi£g£f^ r £| n f£^^ ,a J d L*^ lree ‘ d ' n,ens,ona l P-«- are more 

problems that might appear in plana, X p£££££,T« f! ^ help avoidi "« some of the 

Although researches in the field of structureSf, ,he t0 ' o»t-of-plane buckling constraint. 

building frames especially in the seismic regions would be beneficial ? 0p I | imu,n desi « n of three-dimension 

research in this area has deal, with the opfimiza, MoS ' ° f “• 

FORMULATION AND DEVELOPMENT 

To improve the limit load behavior and stability characteristics p, f 
conditions, we need to consider several ingredients to eenerare a „ K f 3framed s,ructure under multiple loading 
the limit and pos.-iimi. behavior of ^ 00 “"setvatioi made on 

model of nonlinear behavior of framed structures. From titTmodel the£b££Z ,b ( ‘ t?*’ developed . a " approximate 
of a structure can be improved by maximizing the linear hucirtino 7- bat tbe overa ^ stability and strength 
applied by Pezeshk and Hjelmstad (1989) to improve the nerfn? 8 genvalu f s of the structure. This concept was 
successfully. Thus, in order to improve the limitdoad and r£L iS'IS, ° f P framed structures which worked 
the buckling eigenvalues in the objective function. To hand?muh ° f framed S,ructures we must include 

loading conditions directly in the objective function We faX??* ??' ng we also Purpose including the 
become important to the objective function if they cause disDlaceme^^ **1 thC l0ading conditions should 
the design subspace. The proposed formulation then seeks T'm ' 0 3 bucklin « eigenvector which is in 

the work of the various load cases going through mo^al ^ S ‘ rUCtUre 

t o combin^them ‘n 7^ “ ° f 3 " ^tion would be 

buckling eigenpairs used in the objectivefifncUonnTneSft, 8 a , < J uadratic form *• that the number of the 
Therefore, it is best to consider a quasi-quadratic form such as ^ 10 1 C numb er of the loading conditions. 


N L 


U ^ P* w >*re Py m \fj • I 


( 1 ) 


oHiidex v^uennThe'range fLN] whh one^o one > co^^M COn d ,t,0nS, 3nd ^ * 3 ^ 

The dimension of the set is equal to the number of loading conditions (L). ^o" e^amplf ^ bUCklin8 eigenvalues - 
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n-2,3 leads to 


(2) 


N 

- 5> 

i-i 

Therefore, in order to improve the stability and strength characteristics of a framed structure we define the 


following optimization problem: 


N L 

Maximize 

i-1 >-l 

(3) 



Such That £A(x,)fl - T 

i-i 

(4) 

i 

X.. < X.. < X.. 

(5) 


where elastic critical buckling eigenvalue; T=given weight of the structure; Aj—area of group i. 

In this paper the members of the structures are assembled into M distinct groups. Each group is associated with 
a set of design variables which describe the geometry of the cross section of that group. For example an I-beam can 
be described by its depth h, flange width b, web thickness /, flange thickness t r Consequently, the I-beam has four 
design variables (v=4, where v is the total number of independent design variables). A rectangular cross section has 
two design variables (v=2): the width b and the height h of the cross section. The vector of design variables will be 
designated as x * {x„ x* ..., x M } and Xj is the design vector for group i where x, = {r u , X& ..., xj. x,, is the;th design 
variable for ith group. To simplify notation, we designate the specific weight of the mth group as the weight per unit 
of cross sectional area of the entire group 

pA < 6 ) 

i€m 


* 

» 


where the length of member i is L it and its density is p,. The sum is taken over all members associated with group m. 

The optimization problem considered here is atypical of multi-objective optimization problems because all of the 
objective functions have the same nature and yet are conflicting. For example, maximizing one buckling eigenvalue 
might result in a decrease in another one. A good survey of different generating techniques can be found in Atrek, 
et al (1984) and Cohon (1975). Since all the objective functions are of the same nature, a weighing technique is best 
method to generate the noninferior set or Pareto optimal set. One of the advantages of the formulation developed here 
is that all the weighing factors are determined automatically, eliminating the principal difficulty inherent in a general 
weighing solution technique. 

Using Eq. (3) and Eq. (4) the Lagrangian functional can be cast as 
L(x,0 - £ E /i.(x)0^(x) - £ 

where £ is the Lagrange multiplier. It should be pointed that the constraints on the size of elements given in Eq. (5) 
are not included in deriving Eq. (7). Constraints on permissible sizes can be handled efficiently by treating them as 
passive constraints in the sense that whenever an element violates the size constraints, the design variable associated 
with that element adopts the minimum or the maximum permissible sizes and is placed in the passive set. Allwood 
and Chung (1984) have suggested that if a design variable is moved to the passive set in two consecutive iterations, 
it will probably will be passive at optimum. In principle, the method suggested by Allwood and Chung was followed 
in the computation reported in this paper. However, it was found that in the early stages of optimization it is best 
to keep all the design variables as active and follow Allwood and Chung procedure after few optimization cycles when 
the algorithm settles down. 


.w 


- r 


i-i 


(7) 
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resulB in the optoamy SeTkwhic'Tfo“ i^bci « p 'SS S r ,<l ‘”* eq “ i " l0n eqUi " “ “'° 


'mn 


1 ^1 1 •••» A/ Qfld fl»l ( ((t) y 


( 8 ) 


—£&® £££»" £S£g TZZST&ZsSZ z e e c “° T desl y™« 

needed. Determination of these sensitivities are discussed in the following sec^on “ eigenveclOTS are 

EIGENVALUE AND EIGENVECTOR SENSITIVITY ANALYSIS 

Evaluation of the optimality conditions require knowledge of the sensitivitv nr mm _ f u 
eigenvalues and eigenvectors with respect to the design variables Pm^H 1 ° f hange ’ of the bucklin S 

been known for some time, bn. effieien^eZs of3pZto^„S“ of inTe^Imf ^ 

Jmble'm' led d ' SCUSS ' 0n 0( lhe proble,n has •*“ '«*"•* by Dailey (1989). Consider iStoitoS, eS'lue 


K<f> - (iG<f> 


(9) 


variabies and some mathematics, aviations wl can 


, til* - 

Pi * — 


HP*. 


and 


4>' 


4>j[K‘ - n i G r )4> i ! 4>‘,G'4> 

---<P: “- .6. 

(M / -M,-)«#yC0. 2 4>,G<t>. ‘ 


( 10 ) 


where a prime indicates differentiation with respect to the design parameter. 

RECURRENCE RELATIONS 

The optimality criteria are used to modify the design variables in earh rfireet;«»»in m r 
similar to that proposed by Khot (1981): rection in terms of recurrence relations 


rc.l 

mn 


- Z 


mn 


1 + i(Zr: - n 

r i 


( 11 ) 


j^rameter r^I^p^ndin^o^^ the Constraint ^t ^ay^^ece^^^^ncrease ^7 dCpe °* ° R 

EQUATION TO DETERMINE LAGRANGE MULTIPLIER 

mn,.,Xfd“.™Sby^S ESS&£!VS SSdi"* ‘° *• 

■3s—s*■—== SSSESS 


- c^) 


A/ V 



m-] n-1 
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The Lagrange multiplier can be obtained by satisfying the linearized constraint equation at the new iterate x** . 
Substituting for the appropriate terms and simplifying, one gets 


“ JL d A 


53 53 


€ “ 


dx 


(13) 


E 


A aA 

rA + 53 , 

m ti 8x, 


mn 


fl - r r 


m 


since the constant volume constraint is an equality, £ can be either positive or negative. 

SCALING ™ < : ieration tQ satisf y the constraint relationship, it is necessary to scale design variables to bring the 
volume of the structure to the level of the assigned volume constraint T. Scaling is necessaiy to insure that the design 
at each iteration is feasible. The following is a development of the scaling procedure for rectangular members. The 
same procedure can be developed for I-beam cross sections. 

The weight of the structure after each iteration can be divided to three groups depending on which design 
variables are passive and which are active. Thus, the total weight is given by 

(14) 

r - w" + w* + 

where Ws are various weights. A superscript "a" indicates an active design variable, superscript "p" indicated a passive 
design variable, and there is one superscript for each design variable in the group. The weight of the structure is scaled 
after each iteration by scaling only the active design variables. The scaling factor v , such that*,, ~x, lV , is determined 

by the equation: 


V - 



f •y 

2 

r - w* 

4 - 

w* 

w* 

w* 

2W" 

< J 

2 W* 


(15) 


The scaling equation for n design variables per group is an nth order polynomial. Higher order polynomials can 
be easily solved by Newton’s method. 

In the following sections the optimization procedure is applied to an, irregular framed structure. The purpose 
of the example problem is to demonstrate the performance of the optimization procedure. 


SETBACK FRAME EXAMPLE . 

It is often difficult to identify the design changes necessary to improve the performance of a structure, especially 

when the structure is irregular and the response is nonlinear. The frame considered here is a two-story setback frame 
as shown in Fig. 1. The topology of the frame was picked from a report by Cheng and Truman (1985) and redesigned 

to meet ATC-03-06 earthquake design recommendation (1978). 

A preliminary design was performed using full dead and live load in all members, using approximate coefficients 
to determine maximum moments in girder sections. Because setback is an irregular structure a modal analyse 
procedure was employed to determine earthquake loads. The following seismic coefficients in accordance with ATC- - 
06 were used: effective peak acceleration (A,=4); effective peak velocity-related acceleration (A,=0.4); soil profile 
characteristics of site (S 2 =1.2); reduction factor to account for effects of inelastic behavior (R—4.5); seismic Category 
C- and seismicity index of 4. The loads on the structure were: dead load : 80psf, and live load: 40psf. A set of eight 
combination of load effects, as recommended by ATC-3-06, was considered. The critical load effect due to the 
application of seismic forces on the building are determined as a combination of prescribed loads: 100% of the force 
for one direction plus 30% of the force for the perpendicular direction. The eight different loads were applied to the 
building and the stresses and the displacements of each load combination were determined. Members of the building 
were checked for the worst loading case and were redesigned if necessary. This procedure of analysis and redesign was 
carried out for several iterations until all the requirements were satisfied. The member properties of the Gnal design 
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~ o f 

desig^SSd ta T?b,e ? S SfSta aTot-ltiT'" 8 C ° nd,Uo " 1 1116 Properties of optimized 
performances are given in Fig. 3. From thTfiauS™J 7 ,i l ° 5 '“' K a " al * ed and ““ "onlinear 
initial design with better load carting capacity* and improved ^Simi! Efo? < ‘“'* n perforn,e<1 be " er lhan «“ 

as.nmture^indersome‘diSn?aremen?^a‘■» *? ■» minimize the volnme of 

used to limit displacement of a design to minimize damage or nerhabs to foil'd'”' 0pIlmlza,l0n methods have been 

Unfortunately, such an approach does not assure overall structural stability. e ' aSU ' ra "* e - 

he displacement constrained optimal design may not have desirable global stablIi£Ta,a”tt£,JTo'* C0 " d ' 110 " s ’ 
this point, the initial setback design was ODtimi 7 ed wirh a c, n „u ,«,•* JL cnar acteristics. To demonstrate 

compare its performance with C0 “ ,raim ° P ' im “° n p, °“ dur ' “ 

The weight of the structure was minimized with a top displacement nf i 9 . 

cas« I and II, resulting in an optimized structure of the same weight as thole b S tkm ° f ^ 

of the optimized design under displacement constraint* ainno «n.t. ,h* ptimized for stability. The properties 

stability are given in*Tab,e. I. L ‘Ti? 

structure optimized for stability performed better under both loading condition better than the initial ^ iu 7116 
load carrying capacity and about the same post-limit behavior On the other hand thi n ? gn Wth better 

was stiffer and stronger than initial design under load case I but quite poor compared toThSfa 1 ‘ C ° nS trai " t desi « n 

A- ftbhatdorundeMoad 'PVZ, 

procedure in improving global stability and strength of a structure under mult^e^n^s^ ** “*** ***" 
CONCLUSION 

Wiih 

can improve the stability performance of framed stn.en H 1VC structures the same weight. The method 
optimization procedure Especially effective for tall hi iw *** U h nder S ‘ ng e and mu,ti P le loadi ng conditions. The 
optimized here is not a tall bS * ffcct iS im P 0rtant - 7116 Setback 

characteristics of the building frame °P timizatlon Procedure improved the overall performance and the stability 
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applications^welfknown.^nlfkLnt'wekjhfand^lh'" a r Craft structural 
developing structurally tailoredwS b !" ef,ts are achieva ble by 

material and manufacturing technoloaies The nm ^ integrating them with suitable 
efficient concept for applicltionfo primal wi " Ascribe such an 

WaS® ^&Z e :ZV SU Z° ni ° •*«* wing 
representation of the central bav hph it expect ® d t0 provide a true 

resistant and postbuckling designs 1o ?tailored *1™!? ta demonstrate buckling 

ply lay-ups of the panel are listed in Table 1 and wa^nh^-® 8 ',* I he dimansi °ns and 
sizing of this wing structure subjected to sevprai fiinht. °btamed from preliminary 
preliminary desian was conctrainawh * k severa f,l 9 ht ,oa d conditions. This 

The predominant loading at the location o*f Sip 0and strength conditions only 
compression (N x ) and shear (N ' f, ' 9Ure is inpla " a 

skin design and a tailored skin desian. ThlZ^rl t 9 ^ Were studied ’ 3 uniform 
18/36/36/10 (percentage of O/45/-45/90 niipci niu id S m a 9 ons * an * thickness 

0/45/45/10 ply lay-up with the 0° plies shifted to thp^n?' The tailored skin has a 
and prebuckling stiffnesses were constant thZo^s Pa " el we ' 9h ' 

r.efPonses'ustng theMte^eme^meThod and P° s,bu <*»ng 

T800/5245C graphite-bismaiPiminl ™i/° d '. The panel des, Qns utilized the 

used in the analysis to simulate a re p re sent ati ve loarii nn P ' # displacements were 

N X y=1000 Ib./in. The three comhinaEnne t admg of N x= 1000 Ibs/in. and 

and N X y=0), N x +0.5N X y (N X =1000 Ibs/in and^'^nn^ r®? Nx (N * =100 ° 'bs/in. 
(N X =1000 Ibs/in. and N X v=i000lbs/in 1 Th^h^.' 500 bs/m ) * and N x +1 -0 N xy 
show that substantial gains are possible even^th 19 ^® 8 ^ 8 summanzed in Table 2 
loading conditions. The burkiinn f a ,*t ®° f ° r the Nx+0 * 5 N xy and N x +l .0 N xv 
load to the imposed load. ° r presented ls a ratio of the predicted buckling 
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The postbuckled results obtained from the analysis indicateha* th « taloredjkin^ 
Dane! stiffnesses are better retained into the postbuckled regime t initial 

S stiffnesses. For example, for the NxjMNj, fading oo»d« «l 

respectively compared to the prebuckling stiffnesses for the uniform skin paneL 
corresponding reductions for the tailored skin panel are 28 and' ° r p ®^®£j: JoHhis 

e wj gjgga^^ 

SoflXm The predominantly ±45° ply lay-up (soft skin) for the tailored stan 

^e^performa^etmprcnreme^ts'oHhe^aitored^Wn design indStefh^ stiffness 
Storing of this type may be very effective for optimizing structural designs. 
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Figure 1. Wing Configuration and Panel Detail 
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INTRODUCTION 

regularly applies^ptimizatio^te h 3 ” 7 ° ther industries, 
which reduce cost maximi 70 »■* * chniques to develop designs 

The desire to minimise weight e il°Sf a Mrt ■ a "? minimize "eight. 

limit the allowable weight of a complint"or%?em U111 * S often 

optimization^^ ***** Presents the 

mass. The goal of this work i« generation system for minimum 

optimization techniques on £ rial? ?? raonstrate the use of U1U 

system. The power L(. e , n i realistic and practical enaineeri n« 

thermoelectric devices to convlrt^llt*? 0 ! 117 ! in Figure 1 uses 9 
heat source for the svstom ,' e t heat into electricity. The 

rejected from "astZ heaTis 

succeslm^e^pi^^^century thermoelectrics have been 

a variety of missions. To date th! ! 1 Power to spacecraft on 
thermoelectrics in space primary use of 

t£r m ° e ^ eCtric heritors ?RTG? a R?Is h II be r i n radi °is°tope 

thermoelectrics to convert the'°P erate by using 

such as plutonium-238 into electricit!?* 3 *™^ ? rad ioisotope fuel 
missions employed rtc<s ari j icity. The Apollo lunar 

Voyager missions whilh'elliorl^h ® 0 ®^ 17 RTGs were used on the 
Saturn, m all oftheseSl^?l h ^ planets °* Jupiter and 
requirements were in the looS to ioSow^ge. 6lectri<:al P°"er 

required power level ^increase^ nlture^ sophi 3 tica ted, the 
are expected to require lookw to I s facecraft in the 1990's 

uae of RTGs to meet thJseSower 1^1? C i ! lect f i “ 1 Power. The 
Alternative power systems such as thi%£ longer Practical, 
considered for this task. The aim^I Ik ” 1 ! 0 system ar e being 

pSe^LX^OO^lmodule * 

Power system which iZ L^ied^ the 
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overall characteristics of the SP-100 system. 

To perform the oJTsvstem^^developed'which evaluates 

model of the power 9 en «"tl°n system is ae system mass. The 

steady state performance and correspondin' g is : 'representative of 

the e simpU?ied S ^s?ei°Sefinition in the initial design phase. 
SYSTEM DESCRIPTION 

As indicated in Figure 1, ^®. S g|^g n ^ S r eceives a portion of 
number of identical segmen s. reac tS r and produces a portion 

the thermal power output J r °™ Realistic system designs have 

iS ? S of^the 

total^systen^can 5 * a single 

segment. 

Each segment of the thermoelectric P^generation^system 

contains two pumped loops whi (hot) and secondary (cold) 

loops are referred to as the primary (hot^ana^ s i pply 

loops. The P rim 5 r y 1 °°P the h low temperature heat rejection 

IS: Both S primary^and°secondary loops use a liquid metai^as^the 

rK tMjg. iSi^ri^rW hot 

rainimun^temperature! *As the 

reactor, its temperature ^ increased^lt^ ^ pr loop 

a^it^flows through°the pump and heat exchanger. A portion of 

theraoelectri^devteejL^Th^remaining i^^^The**secondary°loop 
this heat is dumped into . . - t minimum temperature and 

f 1 ^ nto U the 6 pump.^Afte^exiting the pump, the secondary loop 

f fi^ S irsplit i P nto two paths through tt . 

exchangers. 4 He f .i s f ^° r : hro i h the pump and heat exchangers. 

primary 1°°P) * i- rejoined after flowing through the cold 
The secondary loop is rejoin + x. he radiator at its maximum 

side heat ondar^loop fluid temperature decreases as 

temperature. The second y P. heat is removed from the 
it flows through the radiator, since heat is remove 

fluid and rejected to space by radiation. 

Thermoelectric deV j‘g S ^ e ^ e f lo^throug^th^thermoelectrics 
a°temperature gwdieAt is established across ^ thermoelectric 

S— efficiencies 
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4% 


‘Sp£°&SSKtS?SLSi^ 1 S u a. tTOic "“*’ from 4% - 

performance of thermoelectriSs is proSded^f ^"and"^ J. 

«9Mn?, t SrtoiS and momen^l os ses f cause f l0 “ throu 9 h the 
each loop. The pump is emnlovert *° s ? es cause pressure drops in 

loop, and thus maintain the pLper flocates!* 6 pressure in ea °h 

SYSTEM MATHEMATICAL MODEL 

components or subsystems^r^identified 1 ”^^' several system 
created for each of these subsystem^ 1 a se P ara te model is 

in the present work are thermoelectrioe^h s ^ bs y st ems considered 
radiator, pump, reactor, and^ipinaf The®** e ? chan 9 er / 

ihr- f ° r I ,Ulated by lin )cing all of P thIse subSvf?^ 1 ®^ system ®°del 
through an overall system he*i- K J bese subs ystem models together 

model describes the p^lorSanoe aid"^, T U e resulti "9 system 
entire system. nd ® ass characteristics of the 

algebSic^auSnl! °Lncl TeT^ltlon^ J".* set ° f "—linear 

solution of the system is not str^nhff 11 Set ls non “linear, the 

algorithms are required to itorafi ^® rwarc ^ and numerical 
solution. quired to iteratively determine the system 

Syste m Heat Balanro A schema*-ie 

snown m Figure l, including th^idln^ 5?*^ SyStem se< 3*ent is 

th« n h primary and secondary loop fili^i?" ° f f tate poin ts 
the heat source for the system 7 anrt P ,'5 l0W p f bhs * The reactor is 
primary loop of each segment. ' ° d At su PP lles heat to the 

temperature y in^refse g of h the°p?ima^ t l inPU ^ int ° each se 9» e nt, the 

reactor can be calculated ?Ms temnfS/ 1Ui< ? throU( ? b bhe 

This temperature increase is given by 


QRCT-PLs/n SEG = nipCp [ T P1 - t P3 ] 


( 1 ) 


Where : ° K ™ = r o V o a “ able reactor input to the primary 

*T - the primaryToop worhino^fu'?? erts in the system 
= t = specific heat o°? 

«• . M/si??sf^e 23 SgS^*‘ «“ i"/i-ted state points 

unknown?^ 121, “ d 3U ° th “ s ‘nte Kin^SiSli^lS'.S V 

in each segment, the primary ioop working fluid flows 
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directly out of the ^| c ^°f m a?5°loop into'the 1 seiSnda?y P loop.^ 
is transferred from the P rim Y P .. thermoelectrics in the 
portion of this heat is; “ nve £ h / a ^f« e nce between the heat lost 
pump into electrical po . aa 4 ne a bv the secondary loop is 

KeSS ^rTro“It^^he b Up. An expression for 
this power quantity is 

(2) 

mpCpCTpi - T w ] ■ Pe-pump + % c st T s 2 " T si] 


where: 


p = electrical power produced within the pump 

e pump seC0 ndary loop mass flow rate , 

c‘ ; specific heat of secondary loop working fluid. 

s 


After exiting the pump, the primary loop working fluid ^ 

enters the hot side heat exchanger (HX).*l e rred from the fluid, 
hot HX, heat from the primary ? . the secondary loop fluid. 

The heat flowing through devices. The 

temperature gradient across th primary loop heat input 

thermoelectrics convert portion of heat 

into electrical power. within the HX package of each 

travels into the secondary loop. Within “e"* p \ he primary 

segment, the 1 ^o^ary loop is the electrical 

loop and the heat gained by th relationship for this value is 

power generated by a segment. The relationsnip 

given by 

IttpCp [ T P2 - T p3 ] - P E -TE + % C s[ T S 3 - T s2 ] (3) 

where P E . TE is the electrical power produced by a single segment. 


The auantity of heat from the primary loop that passes into 
the secondary loop must be rejected from the system as waste 
heat. The amount of heat rejected per segment, Qrej-seg* 

determined by 

(4) 

Qrej-seg = ros®sC^S3 T S1 ] 

junctures°and e pressure^drops 6 throughout b the^system U £especially°in 
heat exchangers, pipings, airadiator mist be determined. Once 

SylSi drg^rmined. then^he^sise 

pressure* drop AU^f these are ^ s ^ r ”^“^s l and V p«Ssure 

drop°equations^and P linking 6 them together. The details of this 

phase are provided in [1]. 


(4) 
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input 636 ! 3 ” unkn °"ns S and the^emaining 0 ^? 190 P ara ”eters; ej 
input. m general the lnput par ^«9 101 parameters are system 

Material e properties^of f svste Ce re ^rements 

3. Dimensional specifications of ^“e^ components 

°v a So e us" a t“m e pe a ^er h el i* the s ^ ta » total 

drops are also calculated. P Ures ' heat flux, and pressure 
OPTIMIZATION ANALYSES AND RESULTS 

design variabLsEutEfEoyEJstem ? ara ® eters were selected as 

k 1 and cor *sidered to have siani??)! tS Z d They are iisted in 

to th^ aS6d ° n en 9 ineering judgments'^nd^t-n”?^ ° n total system 

pper and low er boundson the^^f ^ tlons ‘ In addition 
which represent physical constrainf 6S ! design variables, most of 

manufacturing, two additional consfra^f t0 ass embly and 
effii” Valid system * The first constraint J r ® * m P° s ed to avoid 

££2*?? ° f a thermoelectric that the 

exceed the maximum theoretical 0**4 f? Wlthln the system does not 
device [3]. The second f 6nCy ° f a thermoelectric 

in the cold secondary loop remains l ? SU v» S w tbat the working fluid 
temperature to be gr^te^T^ ^g^o 1 *?^^ *?■ 

design wasEstablishedEy Eki!? Ptin,i ? atio ? studies, a baseline 

produced a total system mass ofEEls"^ 1 ^ 9 ^ udgitl f nts / which 

3,010 Kg as shown in Table 2 

Parametri studv m 

nnder consideration is E?ied °E y the des ign variable 

remain fixed at their baceU^ £ii| s aU ° thar varies 

interdependenciesEetweenEllEfEh E cons ider the 

not produce true optimum d^sin^ th S design variables, they do 
worthwhile endeavors si^ce A*n V ®5 they are still 
problem and also the sensitiSitvEf p 5 ovlde some insights to the 

areaT “-e“ti ^5!=^?“ 

.. °Ptiinuin value of A i e 

^et h &ctric subsyfEm massi s e E^ ned w ^«? the inc «ase of 

^ ad iftor and pump masses. Fr^ Fi aurt i™?** by the de crease in 
penalty associated with decrlasi l ^ 15 seen tha t the mass 

° re SeVEre than tha P- a ^y reia n ?ed th t e o h f“ re e a X s?n g n9 ? h r e a a ra e a a : S 
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. , « f „ f ; nn a multivariable optimization program 

Mnl tivanahl * Sed SS^d Gradient Method was used to optimize 

th^systei^producing a design having totai^ase^.OS^Kg^ The 
and i I n reIpiSi?el^ Ue it a is noted that most of the mass reduction 

increased. 

CONCLUSIONS 

A mathematical model was created to simulate a space power 

system, with 13 variables chosen as design variables 

traditional parametric study and t “ ^«Uess of 

optimization r^dlTa^S eTn^hts to 

system. The parametric J 1 ” ^system to the variations 

the problem and the sensitivities J f the mathematical 

of design parameters. Further reii , . variables is 

model combined with increased number of design variables i 

suggested as future study* 


REFERENCES 

[1] 

Braun, J.F. 
MME Thesis, 

[2] 

Kamal, J•, ' 
Electric Co 

[3] 

Frass, A.P. 
McGraw Hill 


TO 

OT** 

ttouoro 


Figure 1 

Thenroelectric Power System 


*«uA*r too* 


REACTOR 


PUMP 


COLO HX 


HOT HX 


COLD HX 
S3 


srooNOuutr too* 


HX-HEAT EXCHANCER 


RADIATOR 


362 





12000 - 


10000 


6000 


6000 


<1000 


L0 0.0 1.0 1.2 

^KX Ht **CA IIH6-HMXI CSO. MJ 

Figure 2 

*CC Face Area vs. System Mass 
(Parametric Study) 

Table 2 

Multivariable Optimization Results 


Variable 


Baseline Value 


Optimum Value 


^XX 

m z 

0.4 

0.253 

d p 

cm 

2.0 

3.65 

d s 

cm 

1.5 

3.25 

d re 

cm 

0.6 

1.5 


m 

0.2 

0.424 

le 

m 

4.0 

5.0 

m 

i 

kg/s 

0.79 

0.648 

m 


1.0 

1.26 

A 

mm 2 

18.75 

19.7 

v . 

cm 

0.2 

0.374 

v e 

cm 

0.15 

0.227 

v . 

cm 

9.3 

0.404 



1.0 

0.88 


Total System 

9515 Kg 


4058 Kg 


Variable 


Table 1 

Selected Design Variables for Optimization 

lbl * 0«wlotlan , ■ 


NX face «r«« 

Prime ry loop pipe df«a. 
Secondary loop pipe dies. 
Depth of thermocouple 
Xadlator evaporator length 
Radiator condemer length . 
Secondary loop mat flew rate 
Uod resistance ratio 
Area of a single thermocouple 
Mot KX passage height 
Cold KX peeaege height 

Radiator djct peasagt height 

• 

Thermocouple leg area ratio 


Sounds 

Lover 

Upper 

units 

0.1 

1.0 


0.5 

6.0 

« 

0.5 

6.0 

« 

0.5 

1.5 

» 

0.1 

0.5 

m 

2.0 

5.0 

m 


1.2m 

P 

fcg/s 

0.5 

2.0 


10.0 

50.0 


0.1 

5.0 

a. 

0.1 

5.0 

a. 

0.1 

5.0 

cm 

0.5 

2.0 



Component 


Table 3 

Component Mass Per Segment 


Thermoelectric Power 
Conversion Subsystem 

Hot Heat Exchanger 

Cold Heat Exchanger 

Radiator 

Pump 

Primary Piping System 


Baseline 

Case 

Optimum 

Design 

62.7 

29.5 

6.9 

4.7 

13.4 

8.7 

138.6 

111.7 

432.8 

27.0 

8.6 

15.7 

9.9 

20.9 


Total Mas, per Segment 672.9 Kg 218.2 Kg 


Hass of i 2 Segments 
Hess of Reactor 

Total System Mass 


8075 Kg 2618 Kg 
1440 Kg 1440 Kg 

9515 Kg 4058 Kg 
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Abstract: The optimal topology of a two dimensional linear elastic body can be computed by 
regarding the body as a domain of the plane with a high density of material. Such an optimal 
topology can then be used as the basis for a shape optimization method that computes the optimal 
form of the boundary curves of the body. This results in an efficient and reliable design tool, which 
can be implemented via common FEM mesh generator and CAD type input-output facilities. 


1. Introduction 

Traditionally, in shape design of mechanical bodies, a shape is defined by the 
orientated boundary curves of the body and in shape optimization the optimal form of 
these boundary curves is computed. This approach is very well established (cf. review 
paper by Haftka, (lj) and commercial software using this method is available. The 
boundary variations methods predicts the optimal form of boundaries of a fixed, 
a priori chosen topology. However, it is well known that the topology is a very 
important element of the final performance of a mechanical body. As an alternative to 
the boundary parametrization of shape, a mechanical body can be considered as a 
domain in space with a high density of material, that is, the body is described by a 
global density function that assigns material to points that are part of the body. By 
introducing composites with microvoids, such shape design problems appear as sizing 
problems for fixed reference domains, and a prediction of topology and boundary shape 

is possible ([2]-{6]). 

The material density approach should be seen as a preprocessor for boundary 
optimization and by integrating the two methods a very efficient design tool can be 
developed. In an integrated system, common CAD-style input-output facilities can be 
used as well as a common mesh generator for the FEM analysis. Interfacing the two 
methods by a CAD like (based) module added to the input facility for the boundary 
variations method, allows the designer to actively control the information used and 
such interactive possibilities have been found to be very important. 
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2. Topology optimization 


or the topology optimization we minimire compliance for a fixed, given volume of ' 

“IT “ Se “ denSitJ 0f material 35 thc design variable. The density of material 
and the effect,ve material properties related to the density is controlled via geometric 

variables which govern the material with microstructure that is constructed in order to 
relate correctly material density with effective material property. 

The problem is thus formulated as 


min L(w) 

so: a D (w, v) = L(v) for all v g H 

Volume < V 



where 



f v d 17 + 



t v d r 



a »< w ’ v ) - J E ijn( D ) ( ij( w ) <u(v)dn. 


(3) 


ere, f t are the body load and surface traction, respectively, and < n denotes 

inearized strains. H is the set of kinematically admissable deformations. The problem 

is defined on a fixed reference domain fl and the rigidity E ijkl depend on the design 

variables used. For a so-called second rank layering constructed as in Fig. 1, we have a 
relation 


E ijkl 5 E ijkl(^» 7, #) 


(4) 


Where p, j denote the densities of the layering and t is the rotation angle of the 
hTvT'” g The relatl ° n <4) Ca " computed analytically (|3j) and for the volume we 


Volume = j (p + 7 - pyjdfl (5) 

The optimization problem can now be solved either by optimality criteria methods (131) 
or by duality methods, where advantages is taken of the fact that the problem has just 

one constraint. The angle * of layer rotation is controlled via the results on optimal 
rotation of orthotropic materials as presented in Ref. [7]. 
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II turns out that this method allows for the prediction of the shape of the body and it is 
possible to predict placement and shape of holes in the structure. 


3. Integration 

In order to finalise a design obtained by the material density approach, it is reuired to 
optimise the final shape of the boundaries of the optimal topology. The choice of initial 
proposed form for the boundary optimisation methods is usually left entirely to the 
designer but the material distribution optimization gives the designer a ration as 

for the choice of initial form. 

Interfacing the topology optimization method with the boundary variations method 
problem of generating outlines of objects from grey level pictures. A procedure or an 
automatic computation of the proposed initial form for the boundary variations 
technique could thus be based on ideas and techniques from image analysis and pattern 
recognition. For the examples presented in this paper, the outlines for the initial 
proposed form were generated manually thus mimicking a design situation where t e 
ingenuity of the designer is utilized to generate a 'good' initial form from the topo ogy 
optimization results. The term 'good' in this context covers considerations such as ease 
of production, aesthetics etc. that may not have a quantified form. A reduction of the 
number of holes proposed by the topology optimization by ignoring relatively sm 
holes exemplifies design decisions that could be taken before proceeding with t e 

boundary variations technique. 


4. Boundary optimization 

Once the optimal topology and initial boundary shape is defined, the objective is to 
refine this initial shape, such that the von-Mises equivalent stress in the body is 
minimized, subject to a resource and compliance constraint: 


min max a tq 

0<D x€fi 

so: Equilibrium 

j dfl < V 

Compliance < ? 
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SLfe S6 ‘ ° f ^ «- trough local 

™: tr r" teChniq “ e ' With Shape ° b ‘^ via 

required andtothi LI ZTT ^ "* ta — ° f stre “ * 

for the Hii w a- . ’ 6 equll,bruIm is defined via the stationarity condition 

™ ple ?• "r a ^ ™- 

for the mixed analysi! probtem TiTml ^ pr ° redure 

of the boundary optimization thus ma 7 “ emP ' 0,,ed “ eaCh iteration ste P 

shape modification process [5].' In order to camrfoT^e n T ,hr ° Ugh ° Ut 

rrvrrr. ysrrr - - «—. 

boundary nnti mi „,' / semeshmg ,s a crucial element in the 

allows for the to d “* “ d t0gether With the use of 4 mixei FEM “ethod, 

nodes alone the d 7 m ° ve ™nts to be parametrized by movement of the FEM 
noaes along the design boundaries ([8]). 


5. Examples 

I^l^r T Pte ° f 2 ^ me “ sio " al optimized through the 

d™ Zl meth ° d “ * ,he variations technique, as 

for tto bn,*7’ thC t0P ° l0Sy ° ptimi2f “ ion resuits i” very good initial forms obtained 

Changes occur d^nlT'lT ‘ eCh ° iqUe - Generally ' «'y small and localized design 
uianges occur during the boundary optimization. 

r^tTta’Jmer imiZati ° n v“ f ‘ he StreSS leVe ‘ dUri " S the T PP^aation also 

tTetd‘a.Trm 7 r "" b ” Uhis “ "* « U» drawing of 

thp m •• me topology data constitutes a not insignificant pertubation of 

the minimum compliance design. penuoation ot 
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MACRO-SCALE 

MICRO-SCALE 1 



FIG.1. Construction of a 
layering of second rank. 


MICRO-SCALE 2 



FIG.2. Optimal design of a beam. A: Optimal 
topology with outline showing reference 
domain. B end C: Initial and final design 
using the boundary variations method. Two 
blocks are used for the elliptic mesh 
generator. Only the boundaries of block 1 
can move. The maximua stress is reduced 
by 55. 7 % and the compliance by 7.3%. 

Block divisions are shown as hatched, 
bold lines: design boundaries as bold 
solid lines. 
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compliance design)?* "*"* " e#h < two bl <* k *>- C: Optimal design with no hole (minfraun 
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INTRODUCTION 

The Cosmic Background Explorer (COBE) Spacecraft, developed by Goddard Space Flight 
Center (GSFC), was successfully launched on November 18, 1989 aboard a Delta 
Expendable Launch Vehicle. Two of the three instruments for this mission were 
mounted inside a liquid helium (LHe) dewar which operates at a temperature of 2 
Kelvin (K). These two instruments are the Diffuse Infrared Background Experiment 
(DIRBE), and the Far Infrared Absolute Spectrophotometer (FIRAS). They are mounted 
to a common Instrument Interface Structure (IIS) and the entire assembly is called 
the Cryogenic Optical Assembly (COA). Figure 1 shows the dewar and COA arrangement. 






Figure 1. Dewar and COA 

As part of the structural verification requirement, it was necessary to show that 
the entire COA exhibited adequate strength and would be capable of withstanding the 
launch environment. This requirement presented an unique challenge for COBE because 
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jocted%o“launch {300 . K) ' cooled to 2 *> and ther 
not be done because of facility limitatin 9 ^ ° f the entire C0A at 2 K coulc 
the strength verification of the COA by^analysiJ er ° f ° re ' Lt waa decide d to perforr 

tota?lold. 10a However f K ^lTdBr\o%LnT^ d iJ'dL }* UnCh loada to ar ^ive at the 
transient cooldown event had to be eon*in® - H at 2 ,, K ' P ossible loads from the 
thermal/structural analysis was undertaken i-« ±d A** *! d evaluated. a combined 
temperature distributions and resulting“5° examine the cooldown event. Transient 
concern at the three major stwctur^ i"^ " dU ® t0 cooldown were of 

IIS/DIRBE interface, and the iS/fS ^^r interface, the 
bolted connection that relies on friction + fa °* . Eac . h of theae interfaces is a 
analysis to be a viable approach fo^^ j ° int ^tact. In order for 
loads be predictable. The cooldown even? had* °\ ?, "V n ® C * aaary that the 
temperature gradients which could result ^n iSinf AA ^ f ° r ge " eratin ^ large 
interfaces during cooldown would introduc?**^™,^ * 1 aldppa '? e - Slippage at the 
the analytical predictions « Vu ? L „ ^ i condition and invalidate 
analysis. The cooldown analysis was undent*J* Pproach f ° r strength verification by 
no slippage occurred, therefore, no unpredicttol. Pr io.<£ would ' h,t 

overall tem^erat^e^ u^e^f* ?*" * C ° mpleX ta3k ‘ The large 
properties for both the thermal and *tr- A* ? tem f erature dependent material 
temperature dependent of <?• *"*lyaia. The 
as well as from specific in-house P te . t i n „ * obtained from References 1 through 7 

transient temperature distributions throuohoJ^h^rn. Th A . therraal analysis provided 

incorporated the results fromthe theS * whila tha structural analysis 
loads. the thermal analysis and then determined interface 


THERMAL ANALTSIS 

Both a transient and steadv-atat-n m,.—., . . 

study determined the COA time-temperate Tro/A* A" 8 conduc ted. The transient 
from room (300 K) to LHe (2 K) ten^rature* rif-^ d t" 9 5** ^ roundh °ld cooldown 
cooldown were provided bv the Crvnfton • * e c * owar boundary temperatures during 

based cn flight d.w.r t.stlng lt Bsf? *“ ='*“=b st the SSFC snd ™r l 

.he.dy-st.ts temperature distribution .ithE'STSi ^ch^Tse'p*. S Si ct . d Th ' 
thermal models 

^randT 1 Ih^ni^A^th ^ode 1 * S^l^the®^ alyad3 were a ^ometric math model 
temperatures, and material properties determin°eV^ . b ° Unda ^ 

negl\VbA; 0rb ^owetr: n rtdIat C ^n 3 f “? ” diati ^ -xchenge is 

for a temperature range of approx^telv 7 T£ A 0 ^ “ the ^ tran3far network 

the COA had to be generated in order to accuratelv modAl A re ? resen tation of 

processes which occurred in this A ™curetely model the physical heat transfer 

this purpose was the Simplified s D fr® d ^ Th * con ^ ,uter program used for 

(Reference 8) assumes tSt tht radiatioA^AA Thetma l Analyzer (SSPTA> . SSPTA 

determines configuration factors^based on ^h? p#rcent SSPTA 

properties .re then introduced 

t1 ’* Iis - dibbe - «<* ««*s «d 

from FIRAS, the upper and lower Sinc * fc he IIS photon cover separates DIRBE 

thereby routing the computer run ^^^35^2 
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are shown in figure 2. Emissivity values of 0.75 and 0.10 were assumed for all 
black anodized and bare aluminum structure, respectively. Based on the results of 
a preliminary cooldown analysis (December 1983) most of the primary structure was 
black anodized to enhance radiation exchange and thereby reduce gradients. 





rigure 2. Thermal Geometric Models 

The approximately 400 node TMM, which was used to predict temperatures, was 
generated in the Systems Improved Numerical Differencing Analyzer (SXNDA) format. 
SINDA (Reference 9) is a finite differencing program which defines a thermal 
network, manipulates solution arithmetics, and specifies output of results. The 
program requires the user to specify a network of thermal modeling elements unique 
to the physical problem. These lumped parameters include nodal thermal masses, 
conductances, internal power generation values, radiation couplings, and boundary 
temperatures. In cryogenic modeling the conductivity and specific heat of materials 
are highly temperature dependent. Interface conductances are also functions of 
temperature. Values, determined by testing, are stored in arrays which reference 
them to the associated temperatures. The correct material properties are determined 
during each iteration by linear interpolation of entries in the arrays. 
Conductances of critical paths were verified during COA cryogenic testing. 

The solution network routine specifies the type of finite differencing technique and 
convergence criteria to be used. For the steady—state analysis "STDSTL" was chosen. 
In this routine the finite difference equations are solved iteratively by the Gauss- 
Seidel method. For the transient cooldown analysis "FWDBCK" was used. This routine 
uses a forward-backward differencing technique with the general quartic formula. 
Convergence for both of these routines was based on both a temperature relaxation 
criteria and a desired energy balance with maximum values of 0.5 mK and 0.1 mW, 


THERMAL RESULTS 

suits for the cooldown analysis were generated in the form of time-temperature 
profiles of all SINDA nodes. Of particular interest was the gradients at the 
IIS/Dewar, IIS/DIRBE, and IIS/FIRAS interfaces. Figure 3 shows the average 
temperature gradients across these interfaces. The cooldown profiles, along with 
steady-state prelaunch temperatures, were used as input for the NASA Structural 
Analysis (NASTRAN) study. 


372 



-«««• cm iNTtxrnccs 


-- Mod* <• 

. Mod# ■ 

..... Mod* • 

- N«d* • 


f SrI!E /|IS ** r «BFACE 

S SrtUCFMC/FIMS BASE mr£*FAeC 


- 





- 

> 

9 

* * 

• 





f 

/ 

J 

r V 

'T - 

•» 

:i 
; * 

a 



l |B 


/ - 
i 
/ 

: 

; » 

> * 

* 

i 


t 


^ a 

* ^ 

^ - 

1 - 7f 

4 9 

/ : 

® 4 

/ ■ 

* # . 

* V 
\ 

• 

v V 

a< 

// 

* 

Hr- 5 -- 

: 1 * 

** 

* 

* 

• 

-■' - 

*•**•.., 

• 

% 

a 

* 

\ 

< 

■7 ' . 







• • t i 

m 

••II 


m-r- 

rrrr- 

T‘l 1 I 


figur* 3. 


^ , hour 


urt Gradient* Across 


COA Zzxtftrfaci 


NASTRAN MODELS 


STRUCTURAL ANALYSIS 


variety of en5ineering P pJob!Lr iCh i n US o e r S d ^ finite eiem * nt ™®thod to solve a wide 
model of the structure in question ? ° rder . to »»• this software, a finitl e!.^ 
and COBE instruments were obtained t 3 required. NASTRAN modeia of the COBE d» 

—~ ss s£ 

dissimilar vertion^ o/nastwu? fl ?h different organizations, they were formatted • 

Analytics Incorporated (ulr^‘ Th * models had to be converted into t h«^ “ 

model coupling technique was used” '° f *** STRAN 3in ce a UAI/NASTRAN (Referenced) 
aubstructuring, allows fn P , h * * d the analysis. This techniiu! v 0> 

analyst to work with smaller mor^' ^ ° f " Umy models £* peJSts" tJ* 

combined model. The models, 'if combTr^n^ 16 com P° nent3 rather than a very larSe 
have contained 40,000 degrees of^re!! ^ 7 tC> f ° m one NASTRAN mode? toSl 

results were obtained in less co^ut er tSl [IT. By USin * this techni^'e the 
COA structure had been analyzed. C th if one lar ge NASTRAN model of the 

rigtd e e a re h men°t d 3 el wer: S ele ”» nta SUCh »« bar offsets or 

exceeded. Aiac’/ th^LTj.*? “? » •»»«. matrix ,ti?lLT££"± r t . U "* r 

^;™ a r 1 expansion, rigid body mot™ 7/lt £^a°^,!h ** Ch "°“* 1 to ’'•*“* Proper 
elements. The final check was S LS fh!/ ^rlibrrum and adequate geometry of 

grids for connection to the other modeJ “ el cont ained the appropriate 
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Dewar lUmAM Model 


Dim NASTIM Mil 



APPLYING TEMPERATURE DATA 

Time-temperature profiles from the thermal analysis were provided to the structures 
group. These profiles were utilized to predict the appropriate time st«P 3 to 
perform the structural analysis. For this analysis, the temperature distributions 
at the time steps of 5.5 hours, 6.083 hours, 19.25 hours, 28.5 hours, 30.5 hours, 
and 34.5 hours after start of cooldown were applied to the combined COA model. 
These time steps were chosen by reviewing the temperature gradients across the 
interfaces and taking into account the thermal expansion coefficients of each 
material as it varies with temperature. In addition to the six time steps chosen, 
one case was run which applied a temperature of 2 K on the entire structure. This 
run was used to check the interface loads that remain after the completion of 

cooldown. 

To properly apply the predicted temperatures to the structural models, a direct 
mapping of the SINDA thermal nodes to the NASTRAN structural grids was performed. 
The geometric equivalent structural grid was assigned to each thermal node and then 
the node's temperature was applied to that grid. The thermal and structure groups 
worked together to select and assign the mapping equivalence. 

A FORTRAN program was developed which simplified the procedure of reading the 
temperature data, searching for the corresponding grid, applying the temperature 
data to the grid, and formatting the information into TEMP cards which could be read 
directly by the NASTRAN Thermal Analyzer (NTA) . The NTA (Reference 11) was used to 
interpolate between known temperatures and calculate the temperatures of all the 
other grids in the structural model. Non-linear temperature interpolation was 
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chosen since the thermal conductivities * 

temperature. The NTA produced a t-tzt of each "“terial were input as a f u „« • 
graphics plots were developed In t ^ eratur ® distribution for ea!£ tile \len ° f 

^ trlb “ tion5 applied to the models. * These^lots u ” dorscandl ”» of the teaqUrature 

p and - a sulc„„ pl l”ph”r=7 £??&*.■ bh * — 

interface loads computation 

Once all the temperature distribute 

arranged into UAI/NASTRAN substructurin« kn ° m from the NTA ' the models were 

IIS/DIRBE, and IIS/FIRAS interlaces a^k , 1 ° ° btain the loads at the HS/lewal 

dewar translat ional DOF connection, except the 1 ?' 1 lo f atl0na were represented by a 
dewar external tank which was fixed in aii ^? war 1x1681:1141 tank interface to the 

“” d *" th ‘ analysis were input ^ion^oV^ >11 material ^ 

Table 1 lists the maximum interface i^ . . 

each interface. The maximum loads we™ ™ obt ain.d by HASTRAN during cooldown for 
l.t.r.1 load, for each bolt. Table T V “* aoot-sum-squared of tS two 

at the maximum load occurred and the tenner**- catea the time «tep during cooldown 
The maximum loads for the IIS/DIRbe on either side of the interface 

maximum load for the IIS/Dewar interface i IS/ J IRAS interfaces are low whereas the 
du8 to a large temperature gradient^ n substantially higher. This is pria^rilv 

thi*??*"^ * nd containa slightly different LS/f t0 an interface "hich has larg? 
the Iis is Aluminum 6061. a plot at m “Aerials. The dewar is Aluminum 5083 »L 

temperature for the IIS/Dewar^ IIS/DIRbf" 13 * 1 ^ al . lowable interface loads versus 
figure 5. Kith this figure and the load^.' IO/m “ interfaces is shown S 

loads calculated from the analysis IIT ?*.•* c * bl * it is clear th.TtS 

int."f.*c. 0S ic:L* SSrS ™ 

•». load, were found to be quit, low and\”e"£f“o” p 


interface 


IIS/Dewar 


IIS/DIRBE 


IIS/FIRAS 


Table 1. 

MAXIMUM LOAD 
(lb) 


1236 


300 


483 


Max imum Interface Loads 


TIME AT MAX. 
LOAD 


6.083 Hr 


28.5 Hr 


6.083 Hr 


- UM 


TEMPERATURE I 2 KELVIN LOAD 
(Kelvin) (lb) 


IIS-241.8 
Dewar-225.4 


IIS-77.9 
DIRBE-90.9 


IIS-244.3 
FIRAS—255 .2 



T» TT K 
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test discussion 


Several cooldowns of th. COA " r * !»"Si m,»t' 

culminating with the cooldown of the _ * al Un i t (TS U) of the COA in a 

The first cooldown was done using a ns/Dewar interface was instrumented with 

LHe Instrument Test Dewar (ITD) . The /_ .. - the fi ra t cooldown, the 

temperature aenaora t^tr«““~nfo« and atr.in gages. The 

TSO/CO» «.a ^at«»nted -itn addition. ag cooldo>m curve that had been 

intent for this first test was to .... .. n ij nwn rate proceeded more rapidly 

used in the analysis. However, the initial Stabilized for a long 

than anticipated. After about our . the xiS/Dewar interface showed 

period before continuing. ^^ na ^ ion ^^SetSlt in the predicted interface load 
a maximum temperature gradient that ’* 0 '^ ^ es percent. Locations that were 

exceeding the allowable to prevent by^ perc^ ^ pQunds p. E sq uare 

instrumented with strain gages ■*?"•**. £ approximately 3000 psi. Upon 

inch (psi) compared to the model Pactions of »PP^ x nation Shewed no signs of 

removal of the COA from the 1 » % . ns/Dewar interface. Based on the 

structural damage or evidence of slippage a enhanced procedures and 

operational experience learned from the first cc»ollo«w enna p dewar were 

methods were adopted and all subsequent cooldowns in Re used for the analysis. 

performed at rates that were less * han 1985 ITD cooldown, the analysis 

Figure 6 shows the cooldown curves for the April 1985 ITD co 

£rr«- £ - 

allowable gradient which would cause slippage 
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Figure €. Cooldown Curve* 


CONCLUSION 

Th. cooldown analysis predicted tM^CoT “^dTn tht 

areas related to the structura v * _ taken to better control the cooldown 

results of the cooldown analysis, step Gradients and interface loads. 

process which in turn minimized in u ® flioht dewar provided assurance that 

The very slow cooldown of the this condition, strength 

no unpredicted loads would be P re « nt la “ n a «eptable approach, 

verification by analysis was considered to be an acceptaoxe w 
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DESIGN OPTIMIZATION AND PROBABILISTIC ANALYSIS OF A HYDRODYNAMIC 
» JOURNAL BEARING 

, 1 ALEXANDER G. LINIECKI 

MECHANICAL ENGINEERING DEPARTMENT 
SAN JOSE STATE UNIVERSITY 


Abstract 

A nonlinear constrained optimization of a hydrodynamic bearing was performed yielding three main 
variables: radial clearance, bearing length to diameter ratio and lubricating oil viscosity. As an objective 
function a combined model of temperature rise and oil supply has been adopted. The optimized model of 

the bearing has been simulated for population of 1000 cases using Monte 5 s ^ ca . 

appeared that the so called “optimal solution” generated more than 50% of failed bearings, because their 
minimum oil film thickness violated stipulated minimum constraint value. As a remedy change of oil 
viscosity is suggested after several sensitivities of variables have been investigated. 



Marks ancfothers flT/.ljfdevel^pSiSs^dcSSS Auth ° rs *** Seireg, Ezzat, Bartel * 
function involving heat generation, bearing size, temperatureere ^'° minimize some objective 

m^btfS SddesTg^ vSSrefi of engineering design problems and includes 

perfotmance of modem high speedfrSng SSK C ° mpleX relation ^ips The 

journal bearings. Each one of them presents a comokx thS^m^i ^ ? tent on FPPerly designed 
many competing objectives. Using computer jddSamnrrSS?" mec 5 anicaI system in which there exist 
engineering constraints which should not be violated One met ?,^ s we encoun ter many 

numerical optimization based on equations devS kn0wn techni ^es is the 

parameters from Raimondi and Boyd’s numericalMluSn g thc D numerical solutions of various 

hydrodynamic bearing. This num4d3I^bS^^ ° US R , eyn< ? ld ’ s e( l uadon of 

automa ted^earch S foToptinuifdesi g^ use^m^ jdyde te^^^ 1 ' 1 "the 

This. . 
stochastic 

the mai n paranie ^ J ^As^Ta ioS‘& * thc P^S^ ty of 

bad W = 3 ° 0 ° i bs<) nominal di ameter D . // ’ J d rot ^ ri ^ s n ® ^ s a de * n s £* ectcd ^th a fixed constant 
Three design independent variables were defined: spced at N = 80 rev/sec. 


>chastic behavior. It showTthefrttiity of ^ ™c™^ u bCaring model with its 

yr.'ssrs?* * <s»i As « 


1 . 

2 . 


X j = L/D - length to diameter ratio 
X 2 = C r - radial clearance 

3. X 3 = ^ - absolute viscosity of lubricating oil 


There are several objectives which can be pursued in bearing design: 

I * JJ| n imum oil temperature rise in the bearing 
3 01 flov T rate f^nit^d for adequate lubrication 

3. Minimum power loss in the bearing moncanon. 

Maximum Ckfth* __m . . 


4. 


\* • in uic ucaniiE, 

Maximum of the minimum oil film thickness. 


objectives 1 and ^ 0ptimum design has ^n selected as a combination of two competing 
The objective function model F = AT + 8Q includes minimum oil temperature rise A Tin th 
SinffaXofT qUantity ° f 011Q »to bearing dueto hydrodynaJi: le^agl * iT’ 

of oil «ow and tampers 


1 . 

2 . 

3. 


t°^-,^°b 5 Whe, * : h ° “ <he °‘l film thickness. 

4 002 in"^ " “ 8h ' St ,em P' ra,urc of lubricating oil in the bearing. 


Db - bearing diameter 
D s - shaft diameter 
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4. .25 £ L/D £ .50 where: 

L - bearing length 
D - bearing nominal diameter 

5 p <, 4000 psi where: is the highest oil pressure developed in the lubricating oil film, 

6. p, £ .5E-6 reyns where: |i is the absolute viscosity of the lubricating oil film 

7. h 0 £ .15 C r for adequate loading of the bearing 

8. .15 £ S £ .01 where: S is the Sommerfeld number, a nondimensional reference variable in the 
form: 



where the new parameter P is the load per unit of projected bearing area: 

P = —— (psi) 

DL 

There are 6 other constraints of minor importance. 

Seiree and Ezzat [1] presented a series of curve fits for the full 360* bearing as : 

6 .0922 

.913 .655(UD) 

h Q = 1.585C, (L/D) (S) (inch) 

for minimum oil film thickness, 

.139 

374 .695/(L/D) 

AT = .5/(L/D) (P)(S) (*F) 


for temperature rise in the oil film, 

.62 .24 

P max = p /- 76 (L/D) ( S > < psi) 

for maximum pressure in the oil film, 

.47 

.048 .1(UD) 

Q = DNQL/.256 (L/D) (S) in 3 /sec 

for the quantity of oil fed to bearing. 

These equations are valid for the range of Sommerfeld Nr in the range: 

O £ S £ .15 

The objective function and all constraints are extremely nonlinear. The optimization process was 
performed using numerical code based on the Hooke-Jeeves pattern search method This method which 
includes step size acceleration-deceleration and flexible penalty functions has been developed by C. . 

Radcliffe at U. C. Berkeley. 

The initial guesses of independent variables were: 
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Xj =L/D = .300 

X 2 = Cr = .002 in. 
X 3 = 4 = 1 .E -6 reyns 


with objective function evaluated as: 


Here temperature rise was: 


F = AT+ 8 Q= 119.13 


and oil supply: 


AT = 90.55* F 


Q = 3.64 in 3 /sec 


independent v^bles^sf n ° nS ** convcrgcd solution reduced the initial value of F and established 


F = 92.66 
L/D = .3694 
C r = .002836 in. 

4 = .7997E-6 reyns 

The oil temperature rise has been reduced to: 

AT = 40!38* F 

but the oil flow has been increased to: 

Q = 6.535 in 3 /sec 

None of the 14 constraints has been violated. 


high risk of bcaring^failure'exists^FOToptimaJ “ “ “ ‘°° 


i D came out as: 

h 0 = .00035 in. with eccentricity ratio: 

£ = .8766 


stS d hTh P °^ nt P^cdure has^n apph^na^i^ !* cnfomial ly con duded. Now 

stochastic behavior assuming a large series** bert^in «£pSBS.JET* **** f ° r " S 

to obtain the variabilityS^S has ^ Performed in order 
following tolwSSs 1 tevSbeen eMb^tfP ableS ^ assumed for thc optimal design case. The 
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L/D = P-L/D ± 5% = P-ud ± 3 °ud 
C r = |J. Cr ± 10% = Pc r ± 3<?c r 

P- = Pmean ± 10% = ^mean ± 3 °p. 

Each tolerance field encompassed 6 standard deviadons which treated into numbers gave dte following 
normally distributed set of independent variables at optimal solution. 


At the same time minimum 
variables: Xj, X 2 . Xj. 


X 1 = L/D = Ntp^; OJ = N(.3694; .006156) 

X 2 = Cf = N(p. Cr ; G Cf ) = N(.00283; 9.453E-5) 

X 3 = p = N(p mean ; G^) = N(.799655E-6; .26655E-7) 

oU film thickness h 0 became a stochastic function of above mentioned 


.0922 


.913 .655X, 


h n = 1.585X 2 X 1 (S) 


where: 


s = p- 

\2X 2 


P 


For each variable two independent random numbers R^, Rj® were generated 1000 times in the ranges: 

0< RjO) < 1 
O < Ri® < 1 

and then used in each variable X, normally distributed. From Gaussian pmbability density function for 

variable Xj: 2 

(Xj-ihI 


20 ^ 


f(Xj) = 


(jj V 21C 1 


the inverse transformation for X| has been used as: 


x . ji i+ V - 21 u R ^ 1 cos ( 2 n R &) Oj where: 
jl‘ - mean value for i-th variable. 

A histogram of h 0 was generated from dte population of 1000 cases of produced bearings (figure 1). 
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histogram 



Bounds on X 
Lower = 3. 
Upper = 3. 


From this histogram the range for h n is: 


_ .00035 in. 

''Lass Interval 

figure 1 


-04 

-04 


h 





j 


3.0939E-4 <S h Q < 3.8426E-4 inch 


2 S ^“S“L' hat m ° re 50 * ofthe P-duced bearings win have to be rei 


rejected because the 


h Q £ .00035 has been violated that 


many times. 


That would produce an economic disaster fnr th~ k- • 

distribution has been achieved by modifieatir, f r manufac,urer - The improvement of the h. 
which the sensitivity of h 0 wlsl htheri i «“‘ X„ X 2 , X 3 for 


At the optimum point for objective function: 


^*min AT + 8Q 


sensitivities were numerically determined as: 

dh n 

d(IVD) 


= 1.4710E-04 
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_JL = -2.2914E-02 
9(C r ) 

= 327.8 

9(H) 


. . . the elected oil viscosity affects mostly the of h Q population of 1000 bearings. 

Required corrcction'of the oil viscosity can be found from the simple relationship obtained from the first 
term of Taylor expansion: 


Ah 0 _ d h o A(A so that 
d)A 



Here the value of correction Ah 0 is found from the difference: 

A ho — 3.5000E-4 - h 0 ^ 0W j 


selecting new low value for h Q as. 

h = 3.2000E-4 the oil film thickness correction is: 
Ah 0 = 3.5000E-4-3.2000E-4=.3000E-4 inch 


and correction in viscosity of oil: 


Ap = ^nnOE-4 = 9.1463E-8 reyns 
327.8 


The new mean oil viscosity became. 

Hncw - Hold + ^H = 7.9970E-7 + .9146E-7 = 8.9U6E-7 reyns 


with the standard deviation: 


a = .29705E-7 reyns 
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Once again performed Monte Carlo simulation 
significantly to the right (figure 2) so that: 


revealed shifting of the range for distribution of h 

o 


3.36690E-4 < h 0 £ 4.09534E-4 inches 

with mean value: 




h Q = 3.73740E-4 inches 
The new modified temperature rise is: 


AT = 39.83 *F 

and required oil supply 

Q = 6.494 in 3 /sec. 





ss 

J 



Bounds, on X 
Lower = 3 .: 

Upper = 4.1 


is Interval 

figure 2 

-04 

:-G4 




i 


Results of numerical optimization and stochastic simulation are displayed on Table #1: 
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TABLE #1 


Initial mean 


Optimized mean 


Stochastic Improved 


Par 


L/D 

.3000 

.3694 

.3694 

c r 

.00200 in 

.00284 in 

.00284 in 


l.E-06 reyns 

.7997E-06 reyns 

.8911E-06 reyns 

AT 

90.55*F 

40.38‘F 

39.83*F 

Q 

3.57 in 3 * 5 /sec. 

6.53 in 3 /sec. 

6.50 in 3 /sec 

h 

3.20E-04 in 

3.50E-04 in 

3.74E-04 in 

o 

S 

1.280E-01 

7.058E-02 

6.268E-02 

e 

.84 

.88 

.87 


1 The optimization of a system based on a single case of deterministic mean values of its parameters is 

r*vcals the necessity of changing of some resul, parameters 

of optimal design for improved performance of the population. . • simulation delineates a 

3. Using modem computing power in two areas: optimal design and stochastic simulation, delineate 

powerful new research area in design. The whole process can be fully automated. 


1. Seiieg. A. Ezzat M. "Optimum Design of Hydrodynamic Journal Bearings” Trans. ASME, Journal 
o/LuMcarwn re^n^gy,_July^l969,^pp^5^21^ Addison . Wesley Publishing Co. 

3 Cadl Bfkd?DJL h , U MS-ks! R.W., “The Optimum Design of Mechanical Systems With Competmg Design 

Objectives” Trans. ASME, Journal of Engineering for Industry, Pebruary 19 ? 4, pp 

4. J Shigley, J.E., Mischke, C.R. “Mechanical Engineering Design 5th Ed., McGraw Hill, New y , 

5 989 Raimondi A A. and Boyd, J. “A Solution for the Finite Journal Bering and its Application to 

HEW Objectives in 

Hydrodyn^icJoumd^earing^timization” Trans. ASME, Journal of Mechanisms, Transmissions and 
Automation in Design, 1983. 
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Approximate Minimum-Time Trajectories 
for Two-link Flexible Manipulators 

G.R. Eisler, D.J. Segalman, R.D. Robinett 
Engineering Analysis Department 
Sandxa National Laboratories*, Albuquerque, New Mexico 

Abstract ^ ~ 
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modeled with cwjL"Z n .IctZZn Tb ' "mmpulato, » 
plane. Constraints on the trajectory include boundary Pniw tv’ J * Jr ? tem w,th bendln g only in the horisontai- 
atraight-line t,.cki„ g betwj boi"^ *» * <-*«- — 

m the link stiffness to compote o eemi-tijid coi.6gut.tioo to . «eSble ooe The level o i fSio' 1 ’«“-Il'r, 1 ’' * ' h “ 8e 
to excite significant modal behavior is demonstrated. Applied torques for minim ' r ^ 8 fleJub,1,ty necessary 
vet, siiniliot between conjuration, and ratal. mo.h ofZluZZZZS^ * 

Introduction 

.. .omI"f.LloZrZteZZZhit r fifn d .”‘T.'“ 0r C ' >n ‘ , ° 1 ' ‘*“" 8 “""“S' ° f 

functions do no, lend themselves to mlZZip ZZ tT, “‘Tt' ’T* P “" 

applied controls do take advantage of thTboundf 1Z2 structures. One would hope that the 

does not exist at the present time. P ormance, but a clear analytical directive for this 

fo. swZZeVbZroZ^mr' —i*' i0 r l‘”' , ” i? ‘” Hi P '°; id '“ PP ' 0llm “' uptimol perfoem.oee solutions 
these solution Of 

prove, to be . robu.t tool fo,a Zt v Zrt Z Pr °?.'*”“"* *Whm |5| l ' mbodi ' d “ «“ cod. VF02AD, ho, 
drawback to this or other numerical optimisation methods laThe iewLZ b * ^ 10 th '* study ‘ The P tim ary 
of the performance inder and constraints with respect to the parametos "' y 8r * d ‘'" t ‘PP' 0 ^”* 11 ™’ 

optimaT szz rsxzzx z&r+r? by u “ 

experiment. ncludes with the results of a computational 

consZe7,z:zrtzzt d .i"« r/z r„ “rr-“ * , 

the end of link-l slews the °l ^ “ 

ntud, „ 4/1. The complete manipulate, |. . b o„, O.hVetem (m) til ^d'J km lonT^' 0 ;, ’" '“ ,0 ** ‘ hi ' 

The Structural Model 

(HI- T hZoZTira U ZZn d eZ”Zi b \mrf7coL° f ”d”“ hU " 8 ' h ' structures!#) ( 10 ] 

of order importance in the pZnc, aST n T*‘“" 8 b ”‘ b “°»' 

the flexible link problem which must be satisfied- m «*s ^ d ^ tona,1 yi tbere «e constraints inherent to 

of is .,,«L to a stationary Vuku ZZ SZi~ '” d ‘ b « ' b “” 

coordinates attached^o theVrm)and meMurinsTift th ' C f 0nfig “K at i° n . “ functions of convected coordinates (i.e., 

elasticitity [12]. Further, the kinematic variables d are a seL f ted so'ha^al^ 5 “ t traditi ° nal a PP ro «h in nonlinear 
motion, and non-extension) are automatically satisfied. geometric constraints (fixed hub, planar 

Since motions are assumed to occur entirelv in . n t... •. * ■ t 

as the mass centers of the cross sections all lie in th ? ^ “ s “ mcd that the elastic lines of the links as well 

——- - SCCtl0n8 ^ llC In the 5ame P ,ane - E « b «o„ section is identified by its arc-length 

DE-AC04 W T8DP00r f 89 med “ N * U ° ,, “ I L * bor “ ori « *•» .»PPor»ed b T the U.S. D e p«t rae „, of finer,, under control number 
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distance from the hub, so that the orientation of the center of the cross section , at time t is 

= co*(0(*,t))i + *in(0(5, t))j 

of the above unit tangent vector: 

*(M)= / fat)** 

Jo 

Similarly, .hr vrlocity a. .he «ro» .action . at lima < U obt.inad b, inlag,.lion of tha lima dari.ati.a of 

£(t, t) = /* 0(i, t)f(». t)di where 7(«, 0 = 0)* + cot{9{s, t))j 

Jo 

The above description of configuration - entirely in terms of *(.,<) - causes all of the geometrical constraints to 
be satisfied automatically. Additionally, the above description expresses the configuration in terms of one un 

8 'T.i"‘, h n'^;“^»aand HrnniHon, prinaipia. A Snita „amant 
di J«.S”uld't. am. the ra.al.iag i..ag,<adiif,m«.W «,a.Uo„. fo, 

into a system of fully-coupled, nonlinear algebraic equations. Since all spatial integrals are with respect to 
convected coordinate, s, those integrals are configuration-independent and need be done■ only once. A new nonhnea 
system must be solved at each time step, but the quadrature process can be done in advance the dyn 

S,m ThTgoverning equations of motion of the are obtained from the variation of Hamilton’s integrand: 

6KE(t) - 6SE(t) + 6WE(t) = 0 ( ! ) 

for all ii < t < tj, where KE is kinetic energy, SE is strain energy, WE is external work. , , r 

The kinetic energy is that of the flexible links plus that of all concentrated masses and concentrated moments 

inertia: 


„ inertia* 

T a I Ilf 1 

KE(t) = - / p(») *(s, <)•*(*. 0^ + 5 S A/* *(»»,<)•*(«*.<) +- ^2 
2 Jo L k =i 1=1 

where pU) is the mass per unit length measured along the length of the arm; M h is the magnitude of ‘he feth point 
mass' * L the convected coordinate of the fcth point mass; J, is the 1th point moment of inertia; and » the 

convected coordinate of the Ith point moment of inertia. 

The strain energy is that of the flexible links: 

where k(i, <) is the curvature at cross section $ at time t. 

The virtual work due to externally imposed torques is: 

6WE(i) = / f(*, t) • (/?(», t) x 60{s, i))dt ( 2 ) 

Jo 

where f(t, i) is the imposed torque. - 

Discretisation along the rod of the above energy terms is obtained by discretizing the tangent vector 0 as: 

node* 

0{l, 0 = 0»(<)Pn(*) 

n=i 

where the shape functions, p n , are nonzero over intervals that are small relative to the anticipated radii of curvature. 
The shape function, used were the traditional tent-shaped basis functions, and assure compliance with the condition 
of nonextension. Since these functions are bases for 0 the resulting elements take on piece-wise circular shape with 
continuous slope between the elements. Joints are defined by co-locating two nodes so that the tangent vector 0 may 

be discontinuous there. 
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The resulting energies are: 


J nodes nodes 

— 2 ^2 ^22 ^ m (0^n(07m(<) ' T n(t)M m n , 

m-t _ _ i * 


j nodes nodes 

■ - * 


m = l n = l 


and 


m=i n = l 


(3) 


where 


SWE(t) = n £'f m (t).kM, 

m= 1 


'm (A = i X j) , 


(4) 


/■^ maiiei . 

^ ~ ^ /— 1 


.od Jf m ,. am th, topological mail and stiffness m.trict, “ti'ci? h '" ‘ h ' “““■ | ” d 'P'" d ™t matrices, 
A““ ^ parts, th, integrand of^’.ZT^nm.e, 


no4c* 




( 5 ) 


‘a-jr jjsik isrissass 

norfn 


actuator ^orq^e^^orieTfor^^compHshi^g^taak*wiU^^^mal de«adaT ° P f ,i “ tion ‘'Uniques to generate 

‘ f::rr 

completing a rest-to-rest maneuver, tracking a specifiedTathMm %!“*"?* ° R ^ a ‘ ta J ector y include: 

(*(</). »(«/))W. and not exceeding^actuator*torque limit* 8 h' 4 """ Specified end ^ oints 

end constraints on both kinetic and potential ©^strain eneS^JrUf VU? 'TT* “* ‘ he final time - */• necessitates 

T °' d “' limits sa.be LgL'XfXrVLZtreo^oh * 

n,:(<) = ki,! m ..|sina lil (t) 

accelerations are also to be se^oed^heTrXemcante ^sTa^edw 1 ^ *" ° f ^ ma « nitude - Final 


minimize: 


J = t 


subject to: 
constrained 


- finite element model 

- input actuator torques, r lf3 (t) 

known initial conditions 
by: 
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j=u 


yup(</) *" y»p*dfx€d(^f) 

Cjltf) = o So' Ivtipfairi*)) - W««(*“»W)] dt 

- KE(tf) 

_ SB(t/) 

0;<rint 1 ) 

. 7 0joi»t 2(^/) 

_ -* 3 — *** 

,. . . * n f rtPTml Ut«d as an integral. In addition, equality constraints on energy 

i'"l .HI h.ve profound effect, on .ho example tr.jec.orie, to be geneeated. 

Parameterization of the Controls 

at equal-spaced fixed times, U, for both joints were chosen as parameters, or 

oi(ti), Qi(i<)> » = l. n 0<t<<</, 

which results in 2 n control parameters. . • . .. , nf control history definition would result 

However, elnee the final time i. changing due to im«.m.».t.on, the 1 ^ of eontml h,.to^ 

if the time, at which the control parameter, are defined rentarn fixed in an .Nolute .en.e, 
specified at equally-spaced, nondimensional node points, <i - U/if, whete 

“inn: 

<„ and the con,.,.in.,. C,(«,).P™-* *°T’*?nTo^'fi! 
finite-d^rence approximation.. In computing the., appmmm.tion. complete 

computed u.ing til derivative., «C,«,)/»(<>,.,), * 0. Obviou.ly, 

‘both" "?! evaluated over the current nominal torque hi..ori,., no„.e,o. 

Results 


The following finite-element structural model for the manipulator was used to produce the sample trajectories. 


ITEM 

LENGTH 

(m) 

MASS 

(kg) 

EI 

(newton-m l ) 

joint-1 bracket 
link* I 

1st joint-2 bracket + 
joint-2 

2nd joint-2 bracket 
link 2 

.0635 

.5040 

.1070 

.1040 

.4890 

.545 

.640 

5.415 

.830 

.313 

10* 

10 3 ,10 3 

10* 

10® 

io J ,io 3 

Totals: 

1.2675 

7.743 



Brackets were modeled with 1 element and considered rigid (El = 10"), and ImKs were moaeiea w„« - 

for a\otal of 9 elements. The two values of stiffness, El, for links 1,2 represent the trajectory comparison for It s 

Ldy. Point moment, of inertia were used to define mass distribution for the brackets. No payload was used m 

comparison. The joints were assumed to have no compliance or damping. _ Tr _ 

The two trajectories computed on a CRAY-XMP, were integrated for 100 time steps, where At - .Olt/. 
jcdo^ c I.Z. fu, g ndi J computation, executed in 0.75 ,ec. The „«) hfet.ric lot e.eh join. ™ 

J » t 7, ;.bul., ,elu„, wh.ee i< = .05. Torque bound. were chcu - ±.«, =bd 1 ...ton ,m (u-m) for joint. 1 end 2. 

Ti,,. oa th to be tracked for this study was the line connecting (*, y) pairs, (0.0,1.13) and (1.13,0.0). .... 

£ 5 show.Vher, profile.. The,. rctui. much of the bouuded uppe.r.uce of .witching fuuct.on. for purely rigid 
configuietiol llowlxt;;begin uud eud ue.r - iu.teml of.he bound. (±16 n-m). The,, torque profile, exhibit 
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very simihar behavior, except at the intermediate switch point Other than th, r ■.» • . , 

case, this region is the major difference between the configurations Not, t^ " Ppl “ f ° r the EIlink ‘ = 100 

end in an attempt to quiet the structure. Also note the very sliuht ch* • e a tuptness of the controls near the 

torques showed minimal activity for most of the trajectory except T !l ' *?. ‘ h * “ Softer ” 3tructure - The t* 

S tate. Again, very little “torquing” difference wasS r “ d 1D 0ldet *° the rest 

configurations. 8 " n ° led for thc order of ma 8i"tude change in link stiffness between 

The straight-line tracking error in millimeters (inm) is shown in Fie 3 Both l- , • 

the error to less than ±0.5 mm except near the end whir, »l„ 8 ' 3 ' torqu * hlstor,es a PP«ar to limit 

drawback to the integral formulation is that it can relax\rackina — * , e * C , apes ” to about 2 One 

yield a reasonably low residual (« 0) for C.(t,) It mav be nJ ? •“ 1S0,ated parts of the trajectory, yet 

this error. 1 ’ a{t/) ' U may be nec « s «y to add interior point constraints to decrease 

—-*« - «e*ib„ linha. 

flexible-link configuration contains a 17 H* mode with a sizable* incr* C ° n . tam * hlgh &e 9 uei >cy r, PP*c). while the 

changes in both cases, mirroring the sharp r. chan " Fi^AlonT .? “T* N °‘ e the abrupt 

constraint at the end. P 8 F g-2 ‘ A ‘ ’ note the enforcement of the SE(t f ) = 0 point 


Conclusions 

apprise!’ l ”’“' histories for 

manipulator. The parameters or actuator to a <™ng continuous and point constraints for a 2 -link flexible 

the maneuver. Perturbations were made to ,* or eac in * were tabular values at fixed node points during 

efficient formulation of the finite-element model madTth " *° appr ° xirnate final time a " d constraint gradients. The 
The accuracy of the “p” 

applied most of the input in a manner resembling rigid-link torauin* ?•*? ? X U8ed ,n thls stud y> J«nt-1 

configurations even though link stiffness varied bv an f r A„ r q •, 8 . Torque hlston ” w « re ver y similiar between 

.he same. Energy and «eele„,io n e™.^t «« i/eTaTia.M “T *' ™ vir.uaUy 

also demonstrated that final energy constraints do not r, i j k glng structure nearly to rest at t t . It was 

use of the manipulator will dictate whether or not thisTl hindrance. 1011 ’ Unng ^ Sl ' W ' Th ' intended produc tion 
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Figure 1: Sandia two-link manipulator 
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Figure 3: Straight-line tracking error 
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Improved Approximations of Displacements for Structural Optimization 

Uri Kirsch 

Department of Civil Engineering, Technion, Haifa 32000, Israel %'S ~3/ 
l.INTRODUCTION v 

fo most structural optimization problems the implicit behaviour constraints are evaluated for success 

in thC d ^f lgn * F ? r cach tri . al desl S n ^ analysis equations must be solved and the multiple 
repeated analyses usually involve extensive computational effort This difficulty motivated severalstE 

on explicit approximations of the structural behaviour in terms of the design variablesr 1-81 Thr. latter 

approach can considerably reduce the amount of computations, but the quality of the approximations mieht 

^^i SUffiC 1 n nt K Many -° f ^ a PP roxknate ^our models proposed S Ae paT^ S onlTfoJ 

dianges^n the desi^rf CS “ ** dCSlgn vanables * ^ of the results is often insufficient forLge 

The object of this study is to present efficient and high quality approximations of the structural behaviour 
sbo 'y n ^at the quality of the approximations can greatly be improved by combining scaling of 
the initial design, using intervening variables and scaling of a set of fictitious loads. Integrating these 

f introduced. In addition, the errors in satisfying^ aLdysis 

^ach S ° 1 " ti0n methodolo » “<* 

2.PROBLEM FORMULATION 

Jffnfc? ble 2 Ur S* r c °n si deration can be stated as follows. Given an initial design X *, the corresponding 
stiffness matrix K and the displacements r*, computed by the equilibrium equations 8 

K* r* = R /j\ 

Z h ?rf: ? • i i, the lo *? v ®f tor * whose elements are assumed to be constant Assume a change AX in the 
design variables so that the modified design is 6 c 

X = X*+ AX m 

and the corresponding stiffness matrix is ' ' 

K — K*+AK 

hiah re n„ti^ iS the changein the stiffness matrix due to the change AX. The object is to fuuiefficient and 

wriihCSr*j;P ro f m . atlons ° f * 5 .modified displacements r due to various changes in the design 
variables X, without solving the modified equations ** 

. (K* +AK) r = R (4) 

Tng Scal i ng operat i on will be used in this study to improve the quality of the approximate 

displacements. Two types of scaling will be considered: 4 y approximate 

a) Scaling of the initial stiffness matrix K* by 

K.jOC* ( 5 ) 

where p. is a positive scalar multiplier. From Eqs. ( 1 ) through (5) it is clear that the precise 
displacements after scaling can be calculated directly by ” 

r = p.* 1 r* 

b) Scaling of a ficticious load vector. Denoting any approximation of r by r a , a corresponding 
fictitious load vector R a can readily be calculated by Eq. ( 4 ) 

= (K* + AK) r a ^ 

It can be noted that r a are precise displacements for the stiffness matrix K=K*+AK and the fictitious 
load vector R a . Scaling of the loads R a by 


R s = QR a 


will give the precise displacements r s due to R s for the given stiffness matrix K, where 


r s = Cl r a 


( 8 ) 


(9) 


t-k c T SgrigS expansion is one of the most commonly used approximations in structural optimization. 
The first order approximations of r about X * arc given by 

r a = r *+ r x * (X-X*) (10) 

where both r* and r x * are computed at X * The matrix of first derivatives r x * can be computed by 

A ®aj° r problem in using Eq. (10) is the accuracy of the results. The discrepancy in 
satisfying the equilibrium equations (4) due to the approximate displacements is given by (Eq. ( 7 )) 
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AR = R a - R = (K*+AK) r a - R (11) 

Evidently, AR = 0 for the precise displacements. Thus, AR can be used to evaluate tire quality of the 
approximations. This criterion, combined with the two types of scaling discussed earlier will be used now 
to introduce improved approximations. 


3.IMPROVED APPROXIMATIONS BY SCALING 
Scaling of the initial stiffness matrix may improve the quality of the approximations, if the known 
mfvtififtH displacements (Eq. (6)) provide better initial data then the original displacements. The approach 
proposed here is suitable for various types of design variables (such as geometrical variables). For 
illustrative purposes it is assumed that the displacement are homogeneous functions of X. 

Homogeneous functions of degree n in the design variables are defined by 

r(pX*) = p n r(X*) (12) 

where p is a positive scalar. Euler’s theorem on homogeneous functions states that 

r* x X * = n r* (13) 

The derivatives of homogeneous functions of degree n are given by 

r x (pX*) = ^ n * 1 r x (X*) (14) 

These properties of homogeneous functions can be used to obtain simplified approximations [2]. 
Substituting Eq. (13) into Eq. (10) yields 

r a = (l-n)r* + r x * X (15) 


Assume a point X along the scaling line 

X = pX* (16) 

Expanding Eq. (15) about |iX*. we have by substituting Eqs. (12) and (14), 

r a = (1-n) p n r* + p n ‘* r x * X (17) 

It can be noted that precise solutions are obtained by Eq. (17) along the scaling line (16).The multiplier p 
can be selected such that the approximations are improved. Further improvements could be achieved by 
assuming intervening variables. 

Intervening variables . Assume intervening variables of the form 


Yj = Xj m (18) 

The displacements r in this case are homogeneous functions of degree N in Y, where N=n/m. 
Therefore, the first order Taylor series expansion (Eq. (15)) is 

r a = (l-n/m) r*+ r y *Y (19) 

This equation can be expressed in terms of X. Substituting Eq. (18) and 

r y * = m'l X* 1 '™ r x * (20) 

into Eq. (19) yields 

r a = (1- n/m) r* + irf ^ r x * X*^' m X m (21) 

Expanding the series about )iX* , this expression becomes (see Eqs. (12) and (14)) 

r a = p n (l- n/m)r* + p n * 1 m* 1 r x * X* 1 ' m X m (22) 

Snecial cases. For any given n, the values of p and m can be chosen to improve the 
approximations. The following special cases of Eq. (22) might be considered: 

-No scaling or intervening variables }i-m=l (Eq. (15). 

-No intervening variables, only scaling m=l (Eq. (17)). 

-No scaling, only intervening variables fi=l (Eq. (21). 

-The usual cross-sectional variables, only scaling m=l, n=-l 

r a = 2 p'V + p‘ 2 r x * X (23) 

-The inverse variables with scaling m=n--l 

r a = - p- 2 r x * X* 2 X* ! = p‘ 2 r* Y (24) 

-The inverse variables, no scaling m=n=-l, {1=1 

r a =r y * Y (25) 

Since r y (pY*)= r y * (Eq. (14)), the approximations (25) are precise along the scaling line Y=p Y*. 

This illustrates the advantage of using the inverse variables for approximations near this line in truss 
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structures with cross-sectional areas as variables. 

Assuming for example the^tSSn PliCr ^ ^ lnmally hascd on geometrical considerations. 

4= (XXi 2 / )0.5 

origin will be iderSc^A xMjc^i^bSfof^thifaDnroSh^ 3 ? ^i? 411512006 between )tX* and that 
not taken into consideration. AnodSr criterion ^roSKra °u ** Structur21 behaviour is 

placements Evaluating r a by Eq. (22), ^ 

fictitious loads can then be scaled by Eq (8) such that L , CalCuIatcd by ^ ^tter 

improved.ThediscrepM^m^dri^g^ equiUMun^ntfitions^#^^^”^ 1^*^ ®* (9 » ™ 

Defining the common measure of smallness of AR(Q) by the quadratic form ^ 

Q(Q) = (DR a -R) T (nR a . R) 

and retting there^ulT^ud ^ 1S H^^ized. Differentiation of Q with respect to Q 

D = (R a T R)/(R a T Ra) 

"Sr??? 1 sssftistar- 1 -•— 

o; l he approximate displacements r a are evaluated (Eq (22)) 

c) me values of* (Eq. (7)) ft (Eq. (29)) and Q (Eq. (28)) are calculated. 

* ,SCheCkedf0r0pdmdi ^ I* “ d - am Kiel, modified and steps b,c am repeated 

t^-ESS!S 3ESSE3£lS?SSfiSSSS35S2^ ^ (9) -, 

example. SY a me ertectiveness of the proposed procedure are illustrated by the numerical 

4JVUMERICAL EXAMPLE 

Consider the truss shown in Fig. 1 with four cross-sectional area design variables Xi fi-l at a 
the initial design X-1 n urith , t* 6‘v<»naoies ai ( 1 -I... 4 ). Assume 

elasticity is 3o!(X>0) 0 pven ^^'acemems r* T =f 1.818.1.604.1.107) (the modulus of 

changes i“ th!fdSig° f i^X'SwS'lSJfng*™ 01 ^ dem< ?" s ‘ ia “ 5d ■" Table 1 for various 

for changes in the variables up to +900% (casesa-d) and-9lT(c!Ss't“) 1 "““"a tave be “ obtai " Ki 

I<5. W.ot where'fe'chLge ^dS^vSSbtei “up"S MO^iw 8 ^ 818 ” XT=(5 0 - 10 -°. 

relatively large. The precise solution and results obtrifJri JL tJV 096 * ™ JL 1S ’ of AX is 

^? s ‘ 20(1 (26)), and Inverse variables formulation (Ea (2^ ( 1 ^\ Initla l scaled design 

>« o^; 

Pmcr^mStoeb^nXta^Sc^ (21) ) See Table 4 >- 

are sensitive to changes in these parameters ^tiie JptS?^ 4 &nd “ Valucs - How ®ver, the results 
5. CONCLUSIONS 

Approximations of the structural behavinnr in t»m.» _r ,i . . 

of large structures, where the time consuming anX m£t CSSCn A tial 01 optimization 

changes appfo^on^Ms^LT^y^ 

** atudy. Scaling of dte 

efficient and high quality applications. 
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equilibrium equations due jo the apmcntoeto efcSss of to 
exact analysis. A simple examp oiUusj^s*esotauo^tt^o«y latje changes in the design 
presented procedure. It is shown that very good resuirii tave m* For illustradve 

displacenvtnt tenons have been assumed. The following observarions have 

3K» 

M^itw^S^ges^^c^i^of die scaling mulnpliwEmd ins^herefote at^antagwusjoopnmiae^p^^ 

-The results can father provS poor 

STS ^”fSng can be applied such to the emus in satisfying certain equilibrium equanons 

will be reduced. . ._ u a nowerful tool to achieve efficient and high quality 

^S'sIhKSSStner understanding of structural behaviour model, 

?; AbuSra.A C RL Topping, B.H.V. (1987) Stadc reanalysis of structures: A review, 

J* ^ n ®‘ AS 51’ Viqrq\ Generalized approximations of homogeneous constraints in 

of structures (Ed, C.A. Brebbi. and S. 

^SffioT*) Approximate manalysis for modificarions of smrctural geomeny. 
4 0 Kirsch!IM 1984 )' Approximate behaviour models for optimum smrctural design, m New direcrions in 
t d Sh‘u C ^d^fs!o988) ft“h^u^°PP^tion?of forces for optimum smrctural design, 
S^ltwS'JSSS'i-* for structural optimization. presented in NATO ASI on 

LT'a^trShB'. (1974) Some approximarion concepts for smrctural synthesis, A1AA J. 
11,489-494. 


396 


•I* 


1 


.•III 




88.88 

91.10 

93.74 


400 




r 


m 

—1: R 

esulfs. 

3 

_seven« 

•bar j 

9.09 

10.0 

10.0 

10.0 

10.0 

9.09 

10.0 

10.0 

10.0 

10.0 

9.09 

10.0 

10.0 

10.0 

10.0 

9.09 

0.09 

10.0 

10.0 

10.0 

10.0 

0.09 

10.0 

10.0 

10.0 

10.0 

0.09 

10.0 

10.0 

10.0 

10.0 

0.09 


5.58 

5.48 

5.51 

5.79 

558 

548 

551 

579 


4.99 

4.78 

4.64 

5.06 

499 

478 

464 

506 


3.63 

3.32 

3.31 

3.37 

363 

332 

331 

337 


100.00 

100.03 

100.00 

100.26 

100.00 

100.03 

100.00 

100.26 


= (5, 10, 10, 10} 


0.221 

-12.5 

0.224 
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«a T 
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Parallel Structural Optimization with Different Parallel Analysis Interfaces 

Mohamed E. M. El-Sayed and Ching-Kuo Hsiung 

Department of Mechanical and Aerospace Engineering University of Missoun-Columbia, Missouri 65 

ABSTRACT | ?ene f| ( 0 f structural optimization techniques is in the application of these techniques to 

large structures such as full vehicle or full aircraft For these structures, however, the sequential computer s 
dnre and memory requirements prohibits the solutions. With the recent existence and rapid development of 
parallel computers, parallel processing of of large scale structural optimization problems is rcluevabte. In 
this paper we discuss the parallel processing of structural optimization problems with parallel structure 
analysis. Two different types of interface between the optimization and Analysis rouunes are developed and 

tested. 

1. structural design problems, repeated finite element calculations consume a lot of^ CPU 

ante design p-tuX? slow are! itnrectable,Became of this. reanalys^ 

tftchninues have been developed. State-of-the-art reviews of reanalysis techniques can be found in [1 ij. 

The fifth generation computers, which were introduced in the 80s, have several advantages over the fourth 

generation machines: higher speed of computation bigger central memoiy, an ^^^^'f^” U ^^ trized 
these advantages allow the researchers to move further in the structural optimization area. Venkayya [4],vecto 
some Finite element programs and utilized the vector processor and huge memory of the Cray-1 to get an 
improvement in computational efficiency of almost two orders of magnitude. In addition, various parallel finite 
element methods have been developed; however, none were applied to the structural optimization area. 

Since all optimization methods require design sensitivity analysis, it plays an important role in 
optimization procedures. Due to the repeated finite element analysis, the design sensiuvity analysis becomes one of 
the most time-consuming parts of structural optimization. Although there are many papers addressing design 
sensitivity [5,6], articles describing design sensitivity analysis using parallel computers could not be found. 

Sinw the amount of time spent in evaluating the gradient of the constraints in the optimization problem is 
computationally expensive and the computation of the gradient at each iteration involves a number of uncoupled 
calculations, Sfciotis and Saouma [7] spread the job of constraint gradient calculation to four Apollo worksrations to 
reduce the calculation burden of one machine. This resulted in a relatively low overhead with an achieved speedup 
dependent on the size and nature of the problem, and the system configuration. The speedup increased with the 

problem sue design of modem structures usually involves a large number of variables and constraints. 

While mathematical programming techniques provide the designers with the tools for optimization, these tec lques 
can not handle large design problems. To overcome this weakness, the decomposition method was introduced [8,9]. 
The method depends on decomposing the original problem into a number of smaller subproblems and solving each 
subproblem separately. Since the subproblems after decomposition are coupled, iterative calculations become 

unavoidab I ^ ^ most decomposition methods are the multi-level optimization approaches. In a 

multilevel optimization approach, the original design problem is decomposed into a top level design P roble ®fJ 
some uncoupled subproblems in the other levels. The top level is concerned with the overall optimization problem 
while the detail design problems are handled by the lower levels. The optimizauon results are obtained by iterating 

between ta¥B ]xen pr0 posed for multilevel optimization. For example, based on the state space 

formulation of the optimum control technique, Govil et al. presented an algorithm for structural optimization by 
substructure [12-14]. Kirsch used the model and goal coordination methods [15] in the multilevel structural 
optimization [16-19]. Sobieszczanski-Sobieski et al. [20] proposed a general multilevel opumizauon method which 
not only considers the structural design but also takes into account 

Recently, other structural optimization methods by multilevel decomposition have been also proposed [21-23]. In 
[22] a three-level structural optimization procedure is illustrated by a portal frame. The portal frame is decompo 
into several beams, and each beam is decomposed into plates. The bottom level in the multi-level opumizauon 
handles the plates, the intermediate level handles the beams and the top level handles the assembled structure. 

This work represents a study for the use of parallel structural analysis method in solving structural 
optimization problems with two different types of interface between the optimization and Analysis rouunes. 
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2. FORMULATION 

«SS£*SS=?“ :: = ;s: ~--- , ‘ 


Minimize: 
Subject to: 


F(X); X = [xj,x 2 .x n ]T X e rN 


Where 


ASXSB 
d> k (X) > 0 

'F, (X) = 0 


k=l,2,...,K 

1=1,2,...X 


F(X): The objective function, usually the weight of the structure. 

* : The design variable vector. 

N : Total number of design variables. 

\(V : K inequality constraints function. 

'FjCX): L equality constraints function. 

^ • The vector of lower bound on design variables. 

B: The vector of upper bound on design variables. 

no. be 

d* ^ ““ elemera ^ SSSCX- in order » evaluate 

l“ a "! , UCC *** ComputaUonaJ CPU *"* of *e structural optimization process the 

modification com P utauon techmque with separate substructures developed in [24] is adapted with a minor 

mam characteristic of the parallel finite element analysis technique developed in [24] is that the finite 

SU “r * ProCCSSCd «—cai iJs Sol 

the structural optimization algorithm developed here is that whenever it is necessary to use the finite element 

modi™ the calcula . tlon Ioads wUl spread to every assigned processor. Each processor, including the main 
processor and associate processors, will handle the structural analysis calculation of its own assign^ substructure. 

3. ALGORITHM 

aiul ,h„ r",^ aPPr0aCh ’ ,° ne PrOCCSSOr ’ C3llcd main P rocessor * ^ chosen to execute the optimization calculations 
d the finite element analysis of one substructure. The other associate processors are used to analyze the assigned 
substructures. The major steps for the main processor are: 

_____ StC P 1: Sta « die optimization calculations. When there is a need to do the structural analysis, the main 

e,emem ‘ 1 ” f,w “ ^ B «. 

“* «"«*«• '*»«>** "Odes and send d»e dm » to couponing 

Step 4: Continue the calculation of constraint-related data of the assigned substructure, such as stress and 
displacement, and receive the constraint-related data from the associate processors. d 
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Sm 5- After the conchaim-relmed dm of 0* complex anmum « collected. check dm converge . 

convergenerfisobtained dmn stop, odmwise go to S^.. 

m major steps variables from the main processor, start the finite element 

aml Jl in ES££5-A- - * «— * «“ 

back to the m' W*c»°k - tan dm main pmcessor. continne the finite element 

IS £Z£JL* - — - - - —*“ *■* " - “ 

me end of Step 2. dm associate pmcessms am kept idle undl the nest finite element computation. 

4. INTERFACING METHODS jUSd»2S!*i£e'lUidM compulaUonal loads 

„ me optimisation softwam end Fume 

They are usually independent oftsach ojw-j 1 PJJJJJJJJJ. The interface problem between optimization 

software such as NASTRAN and ANS ^ [2 5], In this work, two different kinds of interface 

software and analysis software, there ■ software have been developed and tested. . 

between optimization software and finite elwnent software na e optimization software and the finite 

The first Method is a mulu-reading mterfa^ In tos metn [26] and the data file. Instead of creating 

element analysis software communicarevmthen^^T* 5 *'^L m ization software transfers the new destpi 
an input file for finite element analysis data needed for the finite element analysis software 

-SKS ESSK2£?£^EE- d« fmhc — - >*'‘ ! ' nnsfemd '“ 

*• •"USS!Sf SSSBt —* S SSSSSSSTiSS- - 

optimization software and the finite element softw ork has been done to extract the input data and store 

£s — --** ^ ~ f,te 

just one time. 

5. TEST CASES . n ,. r _ v x.wp f our -nrocessor supercomputer. The results obtained are 

the same machine. Em input darn and condidons on both 

^ «*»" >* dhkW hdP wo. dm- 

and four substructures. 

Twn Substruc tures Case: ^rtifinninu it at ioints 34 to 42 and 57 to 61. Members 1 to 

Zw5S£% SSSSSOS^^Si- members am in suhstmc,um2. 

Three Substru ctures Case; it at ioints 34 to 36,20 to 28, 50 to 59, and 

42 «,44 S12SSKSSJSSb nm £ Smmmm 1. Mcmhcm ,40.200 X123 « .27 «in 
substructure 3. The rest of the members are in substructure 2. 

Eonr in «, fonr subshne mms hy gjdgdgK m LT 

ss". srrss,:, - mp m.., ^gs . 

substructure 1. 
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of the truss and can be reduced using s^ledesignv^L^Tinkin iJfa cross ' sectional a«as 

members 106 to 200 are linked to dSign 1 * “>5 and 

Dlaced on every member of the truss. The design data for this structure is giS Tatle 1 constnunts were 

reading interface with two processors. Table 3 nMresem^ t J le 200 ’ m j ember Problem using multi- 

problem using single-reading interface with twoprocessots. ^ time and speedup values for the same 

divided int^s^uSty £3^^ ““ cases *» ««ture was 

28,44 , 61. The members of each substructure were then linked’^ rtM’* S ’ ^ ^ * e *2-direction at joints 

speedup values, for these test cases with different number ^Lssors.'Se^en h, ^ableT^ 0 ™ 1 *** ““ 


Table 1 The design data for 200-member truss structure. 


Modulus of elasticity 
Density of material 
Member-size constraints: 

Stress constraints: 
Loading condition: 


3.0 x 10* ksi 
0.283 lb/in 3 

0.1 £ Xj i=l,200 

-30.0 ksi S a S 30.0 ksi 
one kip acting in the positive xl 


Table 2 Performance of 200-member truss structure 
Two substructures, 2 design variables 


Sequential calculation 


CPU time (sec.) 
6.239 


Speedup 



Table 3 Performance of 200-member truss structure 

Two substructures, 2 design variables 


Sequential calculation 


CPU time (sec.) 
3.319 


Speedup 



Table 4 Performance of 200-member truss structure 
Two, three and four substructures, 20 design variables 

Da. a 1 — I • • . a ° 


Sequential calculation 
Parallel calculation 

2 processors 

3 processors 

4 




CPU time (sec.) 
13.518 

11.964 

11.286 


Speedup 


1.13 

1.20 
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Figure 1 200-Member truss 


6. DISCUSSION with para H e l structural analysis has been developed. In this method, a 

J5SSS SS£ 2^£55S*« *. «. p— *- •— *• 

S5SSd4SSS method Shows an advantage war the 
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INTRODUCTION 


The task of modem aircraft design has always been complicated due to the number of intertwined 
technical factors from the various engineering disciplines. Furthermore, this complexity has been rapidly 
increasing by the development of such technologies as aeroelasticity tailored materials and structures, 
active control systems, integrated propulsion/airframe controls, thrust vectoring, and so on. Successful 
designs that achieve maximum advantage from these new technologies require a thorough understanding 
of the physical phenomena and the interactions among these phenomena. A study commissioned by the 
Aeronautical Sciences and Evaluation Board of the National Research Council has gone so far as to 
identify technology integration as a new discipline from which many future aeronautical advancements 
will arise (reference 1). Regardless of whether one considers integration as a new discipline or not, it is 
clear to all engineers involved in aircraft design and analysis that better methods are required. In the past, 
designers conducted parametric studies in which a relatively small number of principal characteristics 
were varied to determine the effect on design requirements which were themselves often diverse and 
contradictory. Once a design was chosen, it then passed through the various engineers disciplines whose 
principal task was to make the chosen design workable. Working in a limited design space, the discipline 
expert some time s improved the concept, but more often than not, the result was in the form of a penalty 
to make the original concept workable. If an insurmountable problem was encountered, the process 
began over. Most design systems that attempt to account for disciplinary interactions have large 
empirical elements and reliance on past experience is a poor guide in obtaining maximum utilizations of 
new technologies. Further compounding the difficulty of design is that as the aeronautical sciences have 
matured, the discipline specialist’s area of research has generally narrowed as more sophisticated 
methods are developed in the specialist’s area of expertise. The results have been a decrease in the 

awareness of the impact of his decisions on other disciplines. .. , 

On the other hand, advances in computer technology have greatly increased the capability to solve 
complex problems, display and manipulate data in more suitable engineering formats, and computers 
have become much more user friendly and easier to interact with. The modem workstation in particular 
enables the engineer to run several computer programs simultaneously, conveniently display results, 
interactively modify data, and, in general, efficiently proceed through a series of calculations. 
Workstations provide a dramatic increase in the capability of an airplane designer to generate and modify 
numerical models of the vehicle-a capability necessary for advanced aircraft design. 

After assessing the environment just described, NASA Langley Research Center made a commitment 
to improved multidisciplinary research at the Center. A high-level Multidisciplinary Research Advisory 
Committee was formed and subsequently the High-Speed Airframe Integration Research (HiSAIR) 
project was initiated. HiSAIR focuses on the High-Speed Civil Transport (HSCT) design activity as a 
case to foster the development of methodology to improve multidisciplinary analysis, design, and 
optimization of aircraft systems and to develop a computational environment favorable to such an 
activity. This paper will outline the progress and problems encountered in the analysis, design, 
optimization sensitivity analysis, mathematical modeUng, and configurations control and the means by 
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coping with that dilLma'fifite j|'y and desi « n ">d the means for 

new"coW for doing business in an toregra,^^ a 

ORGANIZATION AND STRATEGY 

discipUnercMarcMs tep^dp^^^^ “ d “ chnolo W development in 

along discipline lines in older the suecessfuUy^accomnHsh tMs^nh- 0 ^' S'"'"; 1116 Cemi!ris ° r 8“med 
aircraft so the role of multidisciplinary research is somewhfSff bJ u' Ungey do “ not manufacture 
of the aeronautical community. SataTneLT! u ifferen ‘. th “ that in much of the remainder 

are technology evaluation and identification of high-payoff trohnotorie? ?“ * research institution 
for programs and allocate resources An eouallv wbch serves to help advocate 

a technology when its interaction with othw dfsciplS^ ronside^ ^ P ? ba , bl ' app,ication <* 
developing the proper data bases to exoediteZ Su™ considered. The second role aids in 

project was otganized to strengthen Limglev'e .knir* , aD ° °! techn “ lo @ es b y mdustry. The HiSAIR - 
analysis, and optimization studies. 8 * V conduct such multidisciplinary vehicle design, 

authority, fid is conduct^ romewhatofhnadSoc pr0J , ect has "° fonnal 1“» management 
Division and the InterdiscipUnaiy Research Office shared^ "'“S' 81 ' ve1, Tht Advanced Vehicles 
together. These two o*antoati™s hfvlCcS^.?! f Sp<mSlbll,,y for PoUi-g the activity 

improved multidisciplinary optimization methods, bufare iSd to Sfc^t'Sd'r’’*™* StUdi ' S 
aerodynamics and structures A stf»f*rin<r mm ™;» c j- . . aica m “Cerent discipline areas— 

scheduling of the research. There is a loose tie with the v? v!°e d oversees the Action and 
a vehicle focus for the research The HSR Proeram ^ esearc ^ (HSR) Program to provide 

Transport. Die vehicle f<™ for h!$atI ^ C ® ordmates rcsearch « *e High-Speed Civil 

actual vehicle design problems. Experience tends to S ° methods 3X9 developed to solve 

best developed to solve real problems then eeneraliV/^ C *** multldlsci P lin aiy design systems are 
an informal tie to Lewis R^ch^J^so^f '** ^ ^ ^ is ^ 

management works because of the commitment of LanaEa , pulsion s y stem data. This informal 

multidisciplinary desip and optimization. ^ V S SCm ° T management to improving 

the B ' Ca0SediSdpline reMarch «*»«* to a, Langley. 

equipment. The fa. L» h7 s Z k ‘ i ® advancements m analytical methods and computer 

transfer to form a rapid high fidelity Stiysto eSp “? ally m 8' 0nBB y methods and data 

order methods) limited optimization using sensitivity Ifal^to mStSS * ^ “f Uty (higher 
this symposium (references 4 and 5) The longer A bject of papcrs 111 

capability with optimization methods “ *“ SyS “ m Opdmiaatioa 

approximate schedule for the 3 steps is to accomplish toe goals toTa 'Sd C ° UP g/0p “ mizado "- ' n,e 

d 7 lo 7« toterfaces and dara 

encoumwIdOTtoe^'^rick'wtol^^ ^u^^tte^^e is v^^toe breadth 
toe 1988 Multidisciplinary Analv^^u c ^ “ 11 was describ «d by Sliwa and Abel in 

subject of later StoZ " *"“ Opmilaaaoa Symposium (reference 2). Ms dilemma is toe 

PROGRESS AND PROBLEMS 
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surtax grids tradidonaliy used in^ccptord design.^ 

TWve weeks Surface 

for numerical modehng is of courseu f^ tathefi ® i. epresents a coUecdon of programs that 

Typology Analysis R °“' 1 "'^ S urfacc ^ id Func dons s Jhas spline fitting, surface intersections, and 
££ control are i" ™ "^“d Ss"“ 

SfiSSSKSSS jar-’ 

enrichment wUl be accomphshed mldayusingan mten^ove Aerospace Research Tool) to 

ASTAR will also us. elemeoht rsurface geJeny software package 

anTwas deTcloped^by dte Space Systems Division a, 

« Bo*ASTAR andjhtm and optimisation system. 

such^SS, d^ f , SEE SS - 

^ 6 "n S ^ SSfiSSSl^ or required significant c hanges in bismethodsofdam interface, 

was likely to meet with less titan cohere success ^^““^^..“Xlioation 
constructed around software developed y 8 < y ^ systems. EASIE provides an executive 

- ^ i • levefdata base manager The EASIE executive function provides configuration 

management and an operating 

^,“r=rrr^rn. P ^ons are as transparent as possible to tite 

ToSTll^d«£»income higher order analysis codes more appropriate to 

j a , »u. x«ta #»vrh«npe between 19 computer programs used in the design ot a supersonic 

So ^ of 

example mission require • ^ u ., + ^ i: The feedback loons were eliminated and 

*e mtidirectionai^^tiow^stablished. 6 Note that eliminating all feedback loops is no^^M and this 
^mStly no, occur in a more sophisticated multidisciplinary design process, bu. DeMAID wdl 
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of figure 6 more clearly indicates ^significance of the reraifc ° r'h <S “ reference 3) ' The left “do 
initiate the process, then programs 11,18 10 8 and 13 can ha ° f programs - Program 14 and 7 
program 16 completes the design The 19 !!“ ™ n “““'‘a'-eonsly, and so on until . 

example, the insight gained “viable “* “ 8 «*!». Even for this simple 

multidisciplinary design probleSed b^Thf a ,T m “ ch mOT = complex 

obvious. P d by the HlS AIR ,eam and ^ value of a tool such as DeMAID ts 

obseZZh^Z^pro"'” ft ° f 1 “ 8 ““-.plinaty in,enaction was 

research lines, each organization had become mde^St fagSlS^fF eVe " Subdiscipli ” e 
vanous structures groups exercised aerodynamic codes tn ^ 1 !? ° f ? For mstance > ^ 
nothing wrong with this, especially in the research mode hnH^ ^ 0wn load distributions. There is 
load definition and control surface effectiveness calculations aff^A ?l! t0 ? ke advanta S e of die superior 
If nothing else, HiS AIR has already^ s^S „ c^owTn f'Z 5 ' “rodynamic codes. 

Conclm^rerSZTlwdS:!», T aaph >' d *** *> »es. 

discipline interacdon and turnaround time the MSAIR Mm 1 ^°"“ ’ll* ™ precedented le vels of 
multidisciplinary optimization An intf»<rr«wi a • AIR 1S . researchin S die more difficult problem of 

process «^2£K££!‘SStoSZS - Z 18 “rf? - u,ilizins a ^ 

derivadves. These methods were discuss^ by SobtawTT ■ T ““ reSP ° n5e 

Optimization Symposium (reference 6) and mre ^tiy tareferen« ^ Z' 3 ?* * nd 

iscurrendy focusing on HSCT wine design to dfisvfirso ^.u . rei ? ce integrated design exercise 

aircraft configurations. The integrated dSign exercire iTmoTfni ‘** mCtho ^ s . for ** “^grated design of 
paper delivered elsewhere in this symposium. &Uy reported b y “ reference 4 which is a 

PLANS 

concepts requires 8 ™”“ ““"derivative aircraft 

“nZZ Forts^c?retT“, * akm 

from a horizontal tail ,o“cZaS reZZ, m°"«* S “ b,h,>, . a " d c0 “ lrol P^lem may be to switch 
optimization methods ^TroCtionZ?^ “‘’“T 8 hori20ntal S y s ““> 

sysrem design in real timf!s ^“J^vTZ ileZ r C °"f PtUal “ d «*««d 

A systenfsuch ^ 

capabffities and insight. TWxn^tt J7 ! rdeta ? ±&t l ' S to apply his full 

utilizing routines that provide information^ho t^h . muItidis f iplinai y guidance and assistance by 
disciplines. These multidisciptoary guidanre Md IS" acrodynamic configuration on other 

expert systems inco^rating arSnS^Z “ rou ““. co " ld be knowledge based or 
extrapolation formuks based ^e a *? appropna "- They eould also be simple 

guidance and assistance ^" wouTd ZiX ,tZ Va Z^° mpU,ed '°' ^ bas5lin '- The 
the respective disciplines These simnler methM. M Z'Z nomiall y employed by the experts in 

bogging down due ro "SerTe tevdo deZ^u^Zr^,^ “ keep *• s >^” to 
computer speed and ^. 1 x^ 1 ™^^ “ “^seiplinao- coupling or lack of 

coordination with each other to evolve a set of confimmT*^ ved . d J? clplin e s ca “ work real time in 

guideiines. In addition to ^ Jn&^on agreed 

& auun set, system sensitivity derivatives would be generated. The 
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, .. Hmivarivcs that would form the input for the rigorous 

output would be a configuration set and ch ha s the very attractive feature that allows 

optimization methods previously sc us * nroc -j^ e traditional sequence in which the discipline 
equal discipline participation in the hLy details would have to be 

asssssasr*ir— * »- - * “ 

benefits 

„ .. . c iuj n n able to determine the best technical solution 

The HiSAIR project has the overaU jeiLlogies. Funher, the philosophy is to 

when integrating increasinglyhis physical insight and methods to solve »y««n 
develop a system that allows <h '^^ e ^ pose< i mettads of multidisciplinary couptag and m the 
problems, ms philosophy is , only better aircraft designs that achieve 

optimization methods employed The result *uee tf analytical methods and data bases 

maximum advantage fenimmunity. EquaUy imponant is the developmg 
that find more ready applications in theano doing business in an integrated 

multidisciplinary cultural ^Ltoring new ideas and research. As the HiSAIR 

SSlpSIc"'“ LtugL problems of muWdisciplinary optinuzauon. die 
J2SK -& new research stimulated will incre^e. 

CONCLUDING REMARKS 

NASA Langley Research Cento: has emb ^^^^ g ^^r^^^aLss the organizational 

multidisciplinary aircraft analysis, h .s«eed Civil Transport as a research focus. The project 

discipline lines of the Center and uses 1 ^TT e SSpline organizations. The discipline specialist 

has met with an enthusiastic response^“£r h^knowledge of wd influence on the aircraft design 
perceives HiSAIR as a means to broadenbxsm {^.^Bvance to the aeronautical community 
process, as well as stimulate new ) rcs ®^_ strategy f or HiSAIR is to proceed through three steps. Step 

beyond their specialist area. The long- %y pn »iv«« nrocess* step 2 is to develop a local 

is to establish a high-fidelity rapid emtensitivity derivatives methods; and step 3 is to 

optimization design process using iterative 

develop a global optimization system with full ^ p -Rie major obstacles encountered 

HiSAIRis approximately half way to the Unexpected. Geometry or 

in establishing a high-fidelity rapi ^ ^ic two principal concerns. A number of existing 

numerical modeling and data manage^ we ° P mblc d and modified for the modem workstation 

computer programs as ^cussed mtiie text^ ^be ^ ^ 0$e intelligence techniques 

environment to handle these concern i. , understand the nature and most efficient 

to decompose complex systems are g P ^ system sensitivity analysis methods are 

processing of the data. These^ cco ™ P ^„ t - on teps Q f HiSAIR. Methods of coping with the breadth 
being researched as tools for the op must be developed to accomplish the global 

versus width are evolving and are un er s y important is that an atmosphere is developing in 

multidisciplinarycouplin^opumzauon go ^Eq^ly^^po^^^^ for . mpact M deasions on 

which the discipline specialist has an Laneley Research Center as a research organization 

«3SS3Sas- ~" 
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Figure 1.- High-Speed Airframe Integration Research Management 
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Figure 3. • Current Geometry Process 
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ABSTRACT 

Hypersonic vahida design involves several complex, 
highly coupled disciplines. The need to use multidiscipli¬ 
nary optimization techniques to determine the optimal 
configuration is rather apparent This paper presents a 
multidisciplinary configuration optimization technique which 
directly applies to the very difficult challenge of hypersonic 

vehicle design. 


INTRODUCTION 

The developments in computational fluid dynamics 
(CFD) techniques in recent years are significant. Although 
CFD analysis can require significant time to be performed 
due to flow complexity and grid issues, the accuracy with 
respect to high speed vehicle performance is very reliable. 
Concurrently, various types of optimization methods based 
on CFD and CSM (computational structural mechanics) 
analyses are recieving more attention, references 1-4. 

In the case of hypersonic vehicles, the use of multidis¬ 
ciplinary optimization techniques is very important for 
proper sizing of the vehicle. The key disciplines are 
aerodynamics, inlet performance, propulsion, and struc¬ 
tures. One of the serious concerns in the preliminary design 
stage is the vehicle performance based on an assumed 
takeoff gross weight Particulary, effective specific impulse 
is an important parameter in the attainment of a desired 
vehicle trajectory. Since the specific impulse is a direct 
function of the vehicle thrust and drags, minimizing the drag 
forces is essential On the other hand, the same thing can 
be achieved by maximizing thrust through the improvement 
of the inlet perfomance and the fuel volumetric efficiency. 


the formation of a global sensitivity matrix, the optimization 
process, and some results will be shown. 


PROBLEM STATEMENT 

In order to excercise CFD and other derived sensi¬ 
tivities in an optimization problem, a vehicle specification 
and a Key point in the trajectory are defined. The hyper¬ 
sonic vehicle baseline configuration used in this study is 
shown in figure 2. including the design vanables chosen. 
Presently, we are dealing only with the forebody of the 
vehicle for simplicity. Therefore, the effect of the forebody 
on the aftbody aerodynamics is neglected at this time. The 
aftbody (ie.. nozzle, bodyflap, elevon. etc.) effects are 
included in the propulsion contributing analysis (CA) and 
the trim contraint. 

The flight condition at which the vehicle will be 
optimized is as follows; Mach - 16. q - 1500 psf. and a - 
0.0 degrees. Finally, the objective function for this optimi¬ 
zation is defined as follows. 


Objective: maximize Isp 

T - T -D (D 

A SP “ mf 

n Do = D*, + Dfb + Dritc + D* UNTOIMMED < 2a > 

Do + Dfe + Dbf; TRIMMED <2b) 


The traditional sizing method attains closure on a 
vehicle design by photographically scaling the baseline to 
achieve the required fuel fraction. This occurs at the inter¬ 
section of the fuel required and the fuel available curves.as 
shown in figure 1. It is possible to attain closure by 
bringing the fuel required curve down and/or by bnngtng the 
fuel available curve up. As a first step, the fuel available 
will be held constant in the approach in this paper. Hence, 
the approach in this paper will concentrate on bringing the 
fuel required curve down. For simplicity, this will be 
accomplished by maximizing the specific impulse (Isp) at a 
critical point in the trajectory by modifying the baseline 
configuration gaomatry. 


whara, 

T » thrust 
D = drag 

mf = fuel-flow rate 
Dq a total untrimmed drag 
* ram drag 

d£ - forebody pressure drag 
Dvi, c = forebody viscous drag 
D,ft = aftbody drag (held constant) 

D c = elevon drag 
Dbf = bodyflap drag 


In this paper, a specific approach to sensitivity calcula¬ 
tion, the determination of independent design parameters. 
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Figure 1. The sizing process 



OVERALL OPTIMIZATION PROCEDURE 


A multidisciplinary decomposition/optimization 
technique is used to develope the global sensitivities 
needed by the optimizer in an efficient manner. This 


technique involves four steps as shown in figure 3. ©De¬ 
termine the most efficient decomposition of the design 
process, by identifying the individual contributing analyses 
(CA s) that makeup the design process using an N- 
squared diagram. ©) Define the linkages between CA's by 
adding to the N-squared diagram developed in step 1 . Q 
Calculate the sensitivity derivatives for each CA independ¬ 
ently. vi) Combine the sensitivities in the global sensitivity 
equations (GSE) to determine the global sensitivity deriva¬ 
tives (GSD) which are then used by the optimizer to 
determine an optimum configuration. Further background 
and examples of applications of the methodology can be 
found in references 5-6. The following sections describe 
each step in more detail. 


1. DECOMPOSE DESIGN PROCESS 

The N-squared diagram, shown in figure 4, is a handy 
tool for presenting the functional decomposition and the 
linkages between CA's. which are discussed in this and the 
^®^t section, respectively. It shows some of the disciplines 
included in the design process. 


I 

Each box is a contributing analysis card which 
contains information about CA. It identifies figures of merit, 
constraints, and control variables. It also defines the 
programs to be used to generate the sensitivity data and 
the person(s) responsible for running them.For the present 
work, the maximum amount of disciplines used in the 
results are those shown in figure 5. Results are also 

presented for optimizations where some of these CA's are 
not included. 

2. DEFINE LINKAGES 

Each oval in figure 4 identifies a connection between 
disciplines. By following the lines away from the oval and 
towards the CA boxes, the two disciplines involved in the 
linkage can be identified. Each oval is a data card which 
identifies the information passed from one CA to another 
CA. It also defines the person(s) responsible for generating 
the data and the person(s) that would recieve the data 
during a traditional design cycle. The linkages that occur in 
the present work appear as dots in figure 5. 

3. CALCULATE LOCAL SENSITIVITY DATA 

Each discipline independently calculates the sensitivity 
derivatives which are defined during step 2. The sensitivity 



®t*P 1 * Decompose design procsss 



Stsp 3- Each discipline Independently calculate 
sensitivity derivatives 



3THP 2 - Define linkages ( and sensitivity dsrlvatlves) 



STEP 4 • So (vs simultaneous aquations tor global 
sansltlvlty derivatives (OSD) and optimize geometry 


Figure 3. Overall optimization procedure 
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Figure 4. N-squared diagram example 


data is calculated using a finite difference approach. Three 
different ways of determining the sensitivity data and the 
change in the sensitivity data away from the baseline are 
presented in figure 6. 

The first-order one-sided difference (FO-OSD) 
approach has the key advantage of requiring only the 
baseline and one additional run to calculate the first- order 
sensitivity data. However, the accuracy in the direction 
opposite to the perturbation can be very poor if the curve is 
not dose to be linear. 

The first-order central difference (FO-CD) requires the 
baseline plus two runs to calculate the sensitivity data. It 
produces better accuracy than FO-OSD in one direction, 
but gives up some accuracy in the other direction which 
makes this approach not worth the extra cost of the 
additional run. 

However, without making any additional runs, than the 
FO-CD approach, the second-order (SO) approach can be 
used. The advantage to the SO approach is the ability to 
model the nonlinearity in the sensitivity data. The FO-OSD 
approach and the SO approach each have their advan¬ 
tages and disadvantages, which one is best to use 
depends on the nonlinearity of the problem. 



Figure 6. Sensitivity calculation 



Figure 5. Step 2 for present work 


The use of pre/postprocessors in order to speed up 
the preparation of input data for the aerodynamic and 
structural flexibilty analysis was very important in generat¬ 
ing the local sensitivity data in a timely fashion. The 
diagram in figure 7 illustrates and describes those used in 
the present work. 

4. SOLVE GLOBAL SENSITIVITY EQUATIONS 
AND PERORM OPTIMIZATION 

The N-squared diagram, in figure 5. translates into the 
set of global sensitivity equations presented in figure 8. 

Any of the disciplines shown can be neglected by removing 
the proper rows and columns from the matrix equation. For 
example, in order to remove the effect of the 2-D Navier- 
Stokes CA from the optimization, the first row and first 
column would be deleted. 

The right-hand side (RHS) of the equation deals with 
the local sensitivity of the outputs from each CA with 
respect to a single design variable. If the design variable is 
not a direct input to a particular CA, then all the local 
sensitivities in the RHS are zero with respect to that 
variable for that CA as shown in figure 8 for the propulsion 
CA. 

The left-hand side (LHS) includes the cross-coupling 
(or linkage) sensitivity matrix and the solution vector. The 



Figure 7. Pre/postprocessors 
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P * MMMmttvt ctiouiaM by propwMonCA 

FJgurQ 8. Global sensitivity aquations 

soluticn vector contains the global sensitivity of the outputs 

t£ 5 A Wrth r8spact 10 a *'ngle design variable 

™ 8 ' 8 w ’' 1 ku t RHS and ona ***** v ** or each 

13 imp0f,ant ,0 not ® although the 
tocal sensitivities on the RHS are zero for a particular CA 

SsTn^r^ ^ Variab,# th * 9tobal —• 

J h V* SUltin9 9tobal sans ' , ' vit y data is then used to 
™ It * V8h,cle p * riormanc ® during the optimization 

for e^«?fh CC ° mP(,Sh f d USin9 3 Tay,0r saries 9X Pansion 
r aach 011h * outputs from each of the CA's. The obiec- 

t ve function and the constraints are then updated and 
passed to the optimizer. 

^ a optimizer used in the present work is the ADS 

ISTRAT^n^ inD^ 0 Syn,hasi * ) Pfogram, reference 7, with 

and IONED-7. ISTRAT-0 indicates 

22JST T * rate9 ! y j s usad Tha U8a of the Method of 

reference'a!? 100 * 1^ FD) ,or “"strained minimization, 
references 8-9. is indicated by IOPT-4. The one-dimen- 

’ IONED “ 7, ,inds th « minimum of an con¬ 
strained function by first finding bounds and then using 
polynomial interpolation. y 

baseline snaoe ~. — " 

positive oerturoatton — — _ 

negative oerturoatton- 


Saiuiiofii ana CONRGURATION DECOMPOSITION 


'll? 0 ”!”'’ * decomposed into independent 
. *!?" V ;" bte * " h,eh "• «s*d by the optimized 
»nprove the vehicle performance. The design variables 

^n^" th# h * 8rSOnic foretSy optimization 
example in this paper are shown in figure 9. The main 

ooncern when decomposing a configuration is to make the 

design parameters ass independent as possible The more 

.ndependent they are ,h. larger the alteiSI move12? 

the optimization run. which can possibly reduce the 

^d^hff OP |T a "° n Cycl#s - At tha beginning of each 
cyde. the inal shape from the previous cycle is analyzed 

and new global sensitivities are generated. By reducing the 

<**,. a substantial * 

computational cost and time can be saved. 

RESULTS AND DISCUSSION 

TV. pa P® r ’ ,our optimization cases are examined. 

The objective function for the first two cases uses equation 
2a in conjunction with equation 1. These equations 
produce an untrimmed specific impulse (Isp). Cases 3 and 

teMh * 9 “ at,0n 2b ,nstaad °f 2a to Produce a trimmed Isp 
or the objective function. All four cases have a forebodv 

21.™* “ ns,rain ‘ 'or simplicity and to concentrate on 
. *. pect ° f ,ha P fe f ant approach's capability. The 
s gn variables are limited to a maximum of 10% change 
plus or minus, from the baseline values. Each case adds ' 
either another CA or an additional constraint to the 
optimization.process. More details and results of each case 
ar * discussed in the following paragraphs. 


me initial optimization case shown in this paoer 

* CA ' 3 ’ 3 *° Eul8r and P r °Pulsion. As a first step, 

52 SK? T.** 3 " un,rimmad •»»». neglecting 

p8rformanca * trim effects, and 

Ur ?° ,h f ~ to tolto "- The only constraint for 

-e < (present tank volume ■ baseline tank volume) < e (3) 
e - 0.1 % of the baseline tank volume 






Figura 9. 


variables 


* f 0338 1 " 8 8hown in fi 9 ura 10 - The most 
significant design vanable change occurs to the geometric 

trance.length (DV-4). The increase in this design 

vanable decreases the tank volume slightly, but it sianifi- 

cantV decreases the forebody drag which* ak£in 

maximizing the Isp. The loss in volume is comp2s2!d bl 

the other varaibles. The forebody length (DV-1) increases^ 

while the cone angle (DV-2) decreasZsto produce a m~l 

skjnderforebody which helps maintain the tank volume 

while reducing the drag. The upper surface height (DV-3) 

Plater is relatively ineffective, although it leases* 

sss 'sr*"** * ■ 7,4 - »• 
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Figure 10. Case 1 results • initial optimization 


The second optimization case is the 1 

with the addition o« the 2-0 ^ ,he 

contributes the viscous effects on inlet performan 

optimization process* 

The results for case 2 show that the changes in the 
design variables are qualitatively similar to case 1, as 
shown in figures 10-11. DV-3 and DV-4 havealmost^ 
iden tical changes in magnitude in cases 1 and 2. wj’** 
due to the fact that these two variables havean iratgmfr 

cant effect on inlet performance. Howeverthemagnrtude 

of the changes in OV-1 and OV-2 
This indicates that the benefits of making ^eior y 
more slender reaches a maximum ctoaer to jjbwrtwi 
shape when the viscous effects on the inlet P**® 1 ™*"® 
are included in the process. Even with theee 
magnitude, the objective function value is *2“* 

in the two cases. This is dus to • positive v«cous*«^ 00 
the inlet pertormace due to the change in DV-1 end -2, 
which counter-balances the increase in drag for the less 

slender forebody. 


*ff\e third optimization case uses equations 1 * nd ^ to 
produce a trimmed isp for the objective function, it ndudee 
Sesame CA’s as casa 2 with an addad constraint. The 
constraint added is for maintaining trim givsn a trimmed 




Figur* 11. Casa 2 results * addition of 2-D Naviec-Stokas 
contributing analysis to casa 1 

basaiina vehicle, and it is defined as follows. 


-€ < (summation of changaa in momants) < t 
t • 1 % of tha basaiina summation of momants 


W 


n order to trim the vehide. the eleven 5) d 

md the bodyflap deflection (DV-6) must be included as de- 
iign variables. For this paper, these control surfaces 
>roduce only a moment and a drag. For simplicity Jjhe_ 
»ffect of the bodyflap on the propulsion is neglected. The 
moments are used to satisfy equation 4 and the drags 
which appear in equation 2b. are the performance penalty 
lor trimming the vehide. In order to start the optimiMition. a 
baseline condition for the control surfaces is rwquirwd. TItw 
baseline condition for this paper is a 5.0 degraes deflection 
for both surfaces. Thess defledions add drag to the 
baseline, which creates a lower baseline Isp than the 

untrimmed 


The changes in OV-1 through -4 are similar to 2. 
is shown in figure 12. It is important to note that the 20 % 
ncrease in the objective function is with rwspeKdito a 
rimmed baseline top. The percent changes 'nthepravous 
sases ara with rasped to an untrimmed baseline isp. which 
s larger than the trimmed value due to not including the 
iraglrom the control surfaces. Therefor^ the adualvalue 
gf the objective may be larger for case 2 than it is for cas 



Figure 12. Cas# 3 resutts - addition of trim 
constraint to casa 2 
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Figure 13. Casa 4 results - addition of 
ftoxibitity to casa 3 












3. Of the two additional variables only the bodyflap seems 
to be effective. The optimized shape actually requires less 
bodyflap deflection than the baseline which reduces the 
drag due to this control surface. This accounts for most of 
the increase in the percentage change in the objective. 

CASE 4 

The fourth optimization case is the same as case 3 
with the addition of the structures CA. This CA contributes 
the forebody flexibility effect to the optimization process. 
For simplicity, the structural flexibility CA is only linked to 
the 3-0 Euler CA, and it is not presently linked to the 2-0 
Navier-Stokes CA.as seen in figure 5. Hence, the effect of 
flexibility on the viscous part of the inlet flow is neglected. 
The procedure for adding structural flexibility to the 
optimization process is described in more detail in 
reference 6. 

In the previous cases, the optimizer produced a 
longer and more slender forebody. By adding the flexibility 
effect into the optimization process, the same type of 
shape occured, except that the design variables remained 
closer to the baseline values, as seen in figure 13. This 
indicates that the benefits of making the forebody longer 
and more slender reaches a maximum closer to the 
baseline shape when the flexibility effects on the forebody 
aerodynamics and the inviscid inlet performance are 
included in the process. For a rigid vehicle when the 
optimizer increases the forebody length and decreases the 
cone angle, the forebody drag is reduced. However, for a 
flexible vehicle these changes also generate larger 
deflections due to the air loads, which produces more drag 
compared to treating the vehicle as rigid. Eventually, the 
optimizer reaches a point where an additional increase in 
DV-1 and a decrease in DV-2 creates more additional drag 
due to flexibility than the decrease in drag due to the 
design variable changes. This explains why the change in 
the design variables and the improvement in the trimmed 

specific impulse is much smaller in case 4 than it is in case 
3. 


CONCLUDING REMARKS 

A multidisciplinary configuration optimization technique 
which directly applies to the very difficult challenge of 
hypersonic vehicle design is presented and demonstrated. 
A simple hypersonic forebody design problem is used as 
an application of the technique. The basic result of the four 
optimizations is that a longer and more slender forebody 
produced a higher specific impulse. It is interesting to note 
that qualitatively the changes in the forebody design para¬ 
meters are similar for all four cases. 

By adding the 2-0 Navier-Stokes CA to the initial 
optimization case, it is discovered that the inlet perform¬ 
ance increased from viscous effects due to the design 
variable changes. However, this positive effect dropped off 
as the design varaibies got farther away from the baseline, 
which is evident from the case 2 results. 

The most interesting result of adding the trim con¬ 
straint is that the forebody shape changes (DV-1 through - 


4) are almost identical to the previous case. In addition, the 
shape changes actually required trim moment from the 
control surfaces, which also reduced the trim drag. Fof the 
problem presented, only the bodyflap was effective in 
maintaining the trim constraint 

The result of adding the flexibilty is the same as result 
in reference 6. The addition of the other disciplines had no 
qualitative effect on the structural effect on the optimization 
results. 

Future work will investigate optimizing for multiple 
design points. This can be accomplished by adding the 
trajectory contributing analysis. In addition, the optimization 
of the rest of the vehicle s shape (ie.. aftbody. wing, inlet, 
etc.) needs to be included in the process. 
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Introduction 

The adoption of robust numerical optimization tech¬ 
niques in trajectory simulation programs has resulted 
in powerful design and analysis tools. These trajectory 
simulation/optimization programs are widely used, and 
a representative list includes the GTS system (Ref. 
[1]), the POST program (Ref. [2]), and newer collo¬ 
cation methods such as OTIS (Ref. [3]) and FON- 
PAC (Ref. [4]) . All of these programs rely on op¬ 
timization algorithms which require objective function 
and constraint gradient data during the iteration pro¬ 
cess. However, most trajectory optimization problems 
lack simple analytical expressions for these derivatives. 
In the general case a function evaluation involves in¬ 
tegrating aerodynamic, propulsive and gravity forces 
over multiple trajectory phases with complex control 
models. With the newer collocation methods, the in¬ 
tegration is replaced by defect constraints and cubic 
approximations for the state. While analytic gradi¬ 
ent expressions can sometimes be derived for trajectory 
optimization problems, the derivation is cumbersome, 
time consuming and prone to mistakes. Fortunately, 
an alternate method exists for the gradient evaluation, 
namely finite difference approximations. In this paper 
some finite difference gradient techniques developed for 
use with the GTS system are presented. These tech¬ 
niques include methods for computing first and second 
partial derivatives of single and multiple sets of func¬ 
tions. A key feature of these methods is an error control 
mechanism which automatically adjusts the perturba¬ 
tion size to obtain accurate derivative values. 

Numerical derivative methods for optimization ap¬ 
plications have been studied elsewhere. In Ref. [5] 
a method for approximating Jacobian matrices based 
on balancing the truncation and rounding errors is 
presented. An error control method is proposed for 
forward difference gradient approximations of a single 
function in Ref. [6]. The methods developed in this 
paper share many ideas with these studies. A key dif¬ 
ference is the technique developed for approximating 
the truncation errors during reperturbations. 


The first derivative techniques considered below all 
use a central difference approximation requiring two ad¬ 
ditional function evaluations for each variable. While 
one sided differences can sometimes be used, it is dif¬ 
ficult to choose an appropriate perturbation size with¬ 
out additional function information. In order to ob¬ 
tain this information, extra function evaluations are 
required which negates any computational savings of 
using a one sided partial. Also, in cases where sev¬ 
eral nonlinear functions are simultaneously differenti¬ 
ated using a common perturbation, the choice of the 
perturbation size is less critical with the more accu¬ 
rate two sided differences. The increased accuracy af¬ 
forded with central differences is especially important 
during the final optimization algorithm iterations to 
obtain convergence. 

Error Sources in Numerical 
Derivative Calculations 

The special case for a single function / dependent on 
a single variable x is considered first. The function 
/ along with its higher derivatives are assumed to be 
smooth. It is important to distinguish between the 
function /, and an approximation / which is computed 
by a numerical procedure. The mathematically defined 
function / is free of any error sources, and can be eval¬ 
uated precisely. When a numerical scheme is used to 
approximate /, error sources which are inherent in the 
numerical computation arise. It is emphasized that the 
purpose of the numerical differentiation is to approxi- 
mate the function / ; . The function /', defined in the 
mathematical sense as a limit, is usually zero. 

A constant Cj , called the function accuracy tolerance, 
is assumed to exist such that 

I /(*)-/(*)!<«; 

for all x of interest. The value of cj depends on the 
computational technique and the number of digits, N , 
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retained in the computation. For simple analytic func¬ 
tions a good approximation is 


f / * l/(*)|<m 

where f m is the machine precision (e m ss 1CK 1 ~ jV )). 

The central difference formula for the derivative of / 
is given by 


f'( x ) _ /( z + *) ~ /(£ - A) 

2A 


+ T(x,h ) 


with only three function values. Special assumptions 
must be made in this case to obtain estimates for this 
term Following Ref. [5] if /"(*) ^ 0 and A is suffi- 
ciently small, it can be shown that 


l/ (3) (OI < ~ fix) - fi* + V + f(* - h) 

rt ' 3 o 


(4) 


Substituting f values, the truncation error is bounded 
as 


where T(x,h) is the truncation error. This error term 
depends on the the third derivative of / and is equal to 


= 3 >fc) 

for some point ( in the interval [x - h,x + Al. When 

> of f are substituted, the 

result is 


f'Cr'l - /( J + h)~ f jx - A) 

2h + R(x, A) + T(x, A) 


( 1 ) 




fjx -f A) - 2/(x) + /(j - A) 
~ 2A 3 



2 



Reperturbation Computations 

Adding the two bounds, the sum of the truncation and 
roundoff errors is estimated as 

«s(A) = cf/h + kh 2 (fi) 


The term R(x,A), called the roundoff error, combin 

the function accuracy errors at the two points and 
bounded as 


lR(x,h)\ < (f /h (2) 

In practice the unknown error terms in Eq. (1) are 

dropped, and the derivative is approximated as the cen¬ 
tral difference using the / values. 


Numerical Derivative Calcula¬ 
tions With Error Control 

To determine if the derivative approximation is suit¬ 
able, a method for measuring and controlling the error 
terms is required. A performance index is defined as the 

sum of the errors, and the value of A is sought which 
satisfies 

min{T(x,A) + R(x,A)} (3) 

The error control mechanism is simply a means of ad¬ 
justing t e perturbation size A to approximately solve 
this problem. This technique is derived assuming an 
initial perturbation size A is given. The steps to ap¬ 
proximate the errors and derive a new perturbation size 
n are outlined. 

Error Estimates With Three Function 
Values 

The bound from Eq. (2) is used to approximate 
tt(x,ti). Ihe truncation error term involving the third 
erivative of / can not be accurately approximated 


where k is obtained from Eq. (5). The value A* which 
minimizes cq is given by 



With the new value A’ computed, a test is applied 
to determine if reperturbations are actually required 
n a neighborhood of the solution to (3) it is expected 
that the total error is insensitive to small changes in A. 
In addition since the error bounds are approximations 
only a rough solution to (3) can be found in practice. 
The acceptance test requires a user supplied tolerance, 
p> 1, on the accuracy desired in the perturbation size. 

P~ l <Y<P (8) 

then the central difference gradient approximation for 

f(x) with perturbation size A is accepted. Otherwise, 

A* is the new value and additional function values are 
requested. 


Refined Truncation Error Estimates 
With Four Function Values ' 

The function is first evaluated at the point x+A*. Using 

this new piece of information a better estimate for the 

truncation error can be obtained as follows. Define the 
quantities 

Ai = fix + A) - fix ) 

A 2 =/(x-A)-/(x) 

A 3 = /(x + A*)-/( x ) ( 9 ) 

a = A'/A 
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After manipulating Taylor series expansions, the third 
derivative of / can be shown to satisfy 


Generalizations To Multiple 
Functions and Variables 


— Al — A 2 ^3 , T? r 

h 3 / (3) (*)/6 = 2^TTj + 2(^TT) + a ( fl2 -1) * Q) 

The error term Er depends on fourth derivatives of / 
times the term h\ The third derivative estimate from 
Eq. (10) is used to approximate T{x,h), and a new 
perturbation size h t is obtained from Eq. (7). lhe 
new perturbation ratio, h t /h, is then tested in Eq. ( )■ 
If this test is satisfied, then the perturbation size h is 
in fact acceptable, and reperturbations are not neces¬ 
sary. This check is performed to avoid cases where the 
truncation error estimates from Eq. (5) are erroneous 
because only three data points were used. 


Refined Truncation Error Estimates 
With Five Function Values 

When the ratio test fails, the function is evaluated at 
x - h" and an improved truncation error estimate is 
obtained using five function values. Following Eq. (9), 
define 

A„ = /(x -h-)-f(x) 


The extension of the method to multiple variables is 
straightforward where the process is repeated for each 
independent variable. The case of multiple functions 
depending on a single variable is treated next. Assume 
that the n functions of a single variable x are given as 

/1 (*),•• •./"(*) 

In most trajectory optimization problems the functions 
are evaluated simultaneously. Thus, for computational 
efficiency it is required to use a common perturbation 
size h for the n individual finite difference gradient ap- 
proximations. 

Ideally, function accuracy terms €/( 1),. • ■ 
would be specified, and the rounding errors in each cen¬ 
tral difference derivative would be approximated as 


&(*,*) «</(*)/* 

A simpler method uses a common unit accuracy term 
e u for all functions where the errors are approximated 

as 

Ri(x, h) as £u |/i|/fc 


From Taylor series expansions, it follows that 


h 3 f( 3 \x)/& = o (—Ai + A 2 + <* '(^3 ^«)) ^ r 3 

h* /(«)( x)/2A = <r (-Ai - A 2 + a _2 (A 3 + A„)) + Eu 
o’= l/(2(a 2 - 1)) 


The error terms Er 3 and Eu are proportional to h 5 
times quantities involving fifth derivatives of /. Drop¬ 
ping the Er 3 term, a refined second order approxima¬ 
tion to / (3) is found which in turn is used to estimate 
the truncation error T(x,h*). A new perturbation size 
h” is then computed via Eq. (7) with the new error 
estimates. Once again the perturbation ratio test, Eq. 
(8) is performed, and if the test fails then the whole 
procedure is repeated with h‘ m as the new estimate. A 
maximum of five reperturbations are allowed. 

The method outlined above always computes the 
derivative value with only two function values. It is pos¬ 
sible during reperturbations to estimate the first deriva¬ 
tive using the four function values available with a for¬ 
mula similar to Eq. (11). These higher order approx¬ 
imations are not utilized for the first derivative value 
since they have larger rounding errors and unknown 
truncation errors. In practice it has been observed that 
for a suitable value of h, the two point central difference 
formula usually yields acceptable derivative estimates 
for optimization applications. 


The truncation error estimates Ti(x,h) arc approxi 
mated for each function as above. 

The individual error terms are combined into a com¬ 
posite performance index utilizing weighting terms. 
Define the geometric average of the function deriva¬ 
tives, computed with central differences, as 

f' = yj max {I//1) \J max { min {| /* |} i } 

The weighting term for each function is given by 

r i in/n</' 

1 i/ift it\m>r 

A performance index which measures the total 
weighted errors is 

i B (h) = £ WiWx, /») + E ^(x, h) = t/h + kh> 
»=1 1=1 

where the t and k terms are weighted sums of func¬ 
tion accuracy errors and third derivative approxima¬ 
tions similar to Eq. (6). The remaining computations 
follow the single function case. The parameter p is use 
to determine if reperturbations are necessary, and the 
truncation error estimates are refined using additional 
data when it is available. 
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Second Derivative Computations 

The discussion so far was restricted to the computa¬ 
tion of first derivatives. In postoptimality analysis ap¬ 
plications, Ref. [7], it is necessary to compute numeri¬ 
cal second derivatives of a function / dependent on an 

n — vector x. An error control technique for this prob¬ 
lem is addressed next. 

Once again the single variable case is treated first. 
It is assumed that a suitable perturbation size /ij is 
available for the central difference first derivative of /. 
In postoptimality analysis this value is obtained from 
the just completed optimization problem. The central 
difference second derivative expression for f(x) is 

rw = > + '<« - *> + gym,,, 

X m§ 

( 12 ) 

where /' 4 ) j s the fourth derivative of / evaluated at a 
point i/> in the interval [x — h, x + M. 

The roundoff error incurred when the numerically 

evaluated function values / are substituted is bounded 
as 


values now available, the fourth derivative of / can be 

estimated using Eq. (11). A new perturbation size, 

hj, is then obtained which minimizes the truncation 

and roundoff errors from Eq. (13). The perturbation 

ratio h\/h 2 is tested as in Eq. (8). If the ratio test 

ails, then h 2 is the new perturbation size and two more 

function values are requested. The fourth derivative of 

/ is then estimated using function values at the five 

points : x, x ± h 2 , x ± hi. This completes one cycle of 

the method. A maximum of five reperturbations are 
allowed. 

The generalization to n variables first repeats the 
above sequence for each variable. From this data the 
diagonal elements of the Hessian with respect to x can 
be computed. The off diagonal Hessian matrix elements 
are obtained using a standard mixed derivative formula 
utilizing two additional function evaluations for each 
element. No error control is employed for the off diag¬ 
onal elements due to the large computational expense 
that would be required. For most practical case if er¬ 
ror control is used for the diagonal elements, the off 
diagonal Hessian elements computed with these same 
perturbation sizes are usually accurate. 


R(x, h ) < 4<y//» 2 

Following the same derivation for the central difference 
first derivative, the optimum perturbation size that 
minimizes the sum of the truncation and roundoff er¬ 
rors in Eq. (12) is 



Implementation Details 

The numerical derivative methods outlined above have 

been implemented with the GTS system and also as 

stand alone FORTRAN. The interface is consistent 

with the reverse communication procedure described 

1,1 Ref - f 8 ]- Some implementation details are discussed 
below. 


By combining Eqs. (7) and (13) and eliminating e/, it 
follows that J 

( /( 4 )\ (- 25 ) 

= <'->> ( ’ 5 ’ <») 

To obtain an initial perturbation size for the sec¬ 
ond derivative calculation, the higher derivatives in Eq. 
(14) must be eliminated. If the third and fourth deriva¬ 
tives of / are assumed to be the same order of magni¬ 
tude, then the optimal perturbation size for the second 
derivative calculation is 

h 2 « 2(Ai)< 75 > 

The second derivative computation begins by eval¬ 
uating / at the points x ± h 2 and forming the cen¬ 
tral difference approximation from Eq. (12). If no er¬ 
ror control is desired, then the calculation is complete. 
Otherwise two additional function evaluations are per¬ 
formed at the points x ± 2/it- Using the five function 


As noted in Ref. [5], the bound for T{x,h) from Eq. 
(4) may be completely dominated by roundoff errors it¬ 
self when h is too small. The truncation error estimate 
is totally unreliable in this case, and the perturbation 
size must be increased. The refined truncation error es¬ 
timates using additional function values are also prone 
to catastrophic rounding errors if the perturbation sizes 
are too small, or if the ratio a is too small or large. 
In these cases, the perturbation size must be adjusted 
based on rounding errors only. In the second derivative 
calculations, the perturbation size is allowed to change 
by at most a factor of ten (0.1 < a < 10.) during a 

reperturbation. This results in more stable truncation 
error estimates. 

Numerical first derivative computations are repeat¬ 
edly performed during the optimization algorithm it¬ 
eration. The finite difference perturbation sizes com¬ 
puted at one point are retained for the next derivative 
evaluation. In many problems it is sufficient to utilize 
the error control at the initial point only, and leave h 
fixed for all subsequent gradient evaluations. Options 
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are also available to compute the gradients with erro 
control each time, or skip the error control procedure 
entirely. Recommended values for the reperturbation 
ratio^actor , range from 3 to 10. Smallerr vdtoj. 

in more reperturbations, and more accurate derivatives. 

SSSSSS22; SSL* ««1-a«. 

inaccurate derivatives due to increased truncation er¬ 
ror If the function accuracy is underestimated, then 
rounding errors will dominate. One useful technique to 
approximate these parameters is to examine the op - 
mization output from a similar problem I jt sava 
At the converged point, the active constramt errors g 
a rough estimate of the constraint faction accuracy, 
(assuming tight convergence was obtained.) W 

point methods. Refs. |8] end [12], «««»*£ 

points on the eottsttsint .urfhc. «• . in- 

function accuracy can be estimated as the smallest in 

dividual constraint errors observed. 

Example : Optimal Control 

Space Shuttle Reentry 

A shuttle reentry problem is used to illustrate the 
derivative techniques. This problem was originally an¬ 
alyzed in Ref. (10), and more recently investigated 
Ref fill The solution technique requires solving 
no point boundary v.lu, problem ntilising the sdjo.nl 
equations. An initial state vector at the reentry point 
with time t 0 = 0 is given as 


Altitude 

Longitude 

Latitude 

Velocity 

Flight Path Angle 
Azimuth 


= 260000 ft 
= 0 deg 
= 0 deg 
= 25600 fps 
= - 1.0 deg 
= 90 deg 


eleven differential equations describing the state and 

adjoints are integrated backwards to time tt> - 0, d 

the altitude, longitude, velocity, and ^ ^ 

conditions specified above are ‘m posed “ ^ X of 
An additional optimality condition on the final value 

the Hamiltonian is imposed as the fifth cons rai ■ 
latitude and azimuth are held constant throughout 
trajectory and eliminated from the problem. 

The initial variable values and perturbation sizes 
chosen are listed in Table 1. The perturbation sizes 
were arbitrarily chosen as 10 -3 to 10 times e in 
tial variable values. The maximum downrange reent y 
problem was solved using fixed perturbation sizes and 
with two different derivative error wn^o^chemes^ The 
first error control scheme used the method d-enWin 
Ref [51 with the unit roundoff error estimated as 1U 
The other case used the method described •" this par 

pe, with A repertutbation ratio parameter p j 

function accuracy errors, f/(») ana conscra 
ity tolerances were chosen as 


Constraint 

ci : Altitude at t 0 

c 2 : Longitude at to 

c 3 : Velocity at to 

c 4 : Flight Path Angle at to 

C 5 : Hamiltonian at t/ = 0 


g/(«) 

lO” 5 

10 _u 

10 -8 

10' 12 

10 -13 


Tolerance 

10 -4 

10” 8 

lO" 5 

lO -7 

10 -5 


The desired conditions at the final free time t, are spec- 
ified as 

Altitude = ^0000 ft 

Velocity = 2500 fps 

Flight Path Angle = -5 0 deg 

Assuming a spherical earth model and simplified 
aerodynamics, it is desired to find the optima_ con¬ 
trol profile which maximizes the downrange (final longi¬ 
tude) The control profile is specified in terms of e a - 
gle of attack a with the bank angle (3 held equal to zero. 
The problem is formulated and solved using backward 
trajectory propagation where the vehicle 'initialjzed 
at time (/ with the terminal constraints satisfied. T 


The optimization operator NLP3, Ref. [12], was used 

to solve the five equations in five un j t 

dard Guass-Newton technique is employed. The results 

, ■ rp l| i) showine the total number of 
are summarized in Table 2 showing ine 1 , 

function evaluations (FE’s), number of FE s for grad, 
ents number of times reperturbat.ons were performed, 
final root sum square of the constraint error , and the fi¬ 
nal perturbation sizes. The case utilizing the new erro 
control method required reperturbations for 
four variables at the initial point. After this no^ 
tional reperturbations were performed. The case with 
the Ref [5] error control method required <3 function 

yniuniU. Tbe case without e„o, 
minated after five hundred function evaluations. None 
of the constraints were satisfied to within tolerance. 
The high degree of constraint nonlinearity an p 
Sin, cap i seen by exatn.n.n* some -I- 

ues. The constraint Jacobian, matrix eleme 
spect to the first three variables ranged from 0.720 to 
416 x 10 u . The third partial derivatives of the 
straints with respect to the first three variables ranged 

from -2.14 x 10 3 to — 3.10 x 10 • 

The perturbation sequence for variable 1 and the 
resulting partials for constraint 2 are summarized in 
Table 3 At the initial point the truncation error 
constraint 2 was dominant. The perturbation size was 
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Table 1 : Initial Variable Values and Perturbation Sizes 


Variable 

*1 : Adjoint Altitude at t } 

Adjoint Velocity at tj 
Adjoint Flight Path Angle at t, 
Final Time (</) 

Final Longitude 


*2 

*3 

*5 


Initial Value 

-0.0110026242 
-0.682174037 
-0.906370867 
3633.710745265 sec 
187.508990542 deg 


Perturbation Size 
10~ 6 
IO " 5 
lO" 5 
10' 1 
io-‘ 


Table 2 : Comparison Results With and Without Error Control 

& w Error Control Ref [5] Error Control No Frrnr 


Total Number of FE’s 
Number of FE’s 
Number of Perturbation FE’s 
Number of Reperturbations 
Final RSS Constraint Error 
Final Pert Size for x\ 

Final Pert Size for x 3 
Final Pert Size for x% 

Final Pert Size for r 4 
Final Pert Size for z 5 


63 
5 

58 

4 

.47 x IO -19 
.25 x 10~ 9 
.90 x 10 
.21 x 10 
.51 x 10 
.15 x lO" 1 


r* 

r 7 

i-i 


73 
5 

68 

9 

.23 x IO" 16 
.10 x IO -7 
.40 x 10" 7 
.79 x lO" 7 
.29 x IO -6 
.014 


> 500 

> 47 

> 460 

0 

.42 x 10 -3 
10 -6 
10" 5 
10~ 5 
io- 1 
10 -* 


Point 


Table 3 : Perturbation Sequence For Variable 1 
Ari dc 3 /dx 1 T 3 (x,h) R 2 {x,h) Total Rel Error Urtih)) 


1 .100 x 10 -5 

.213 x IO" 9 

2 .237 x 10" 9 

3 .245 x 10“ 9 

4 .246 x 10" 9 


102358. 

-97078. 

-98063. 

■96755. 

•96750. 


45705. 

0.00024 

0.0028 

0.0032 

0.0029 


0.00001 

0.0470 

0.0423 

0.0409 

0.0406 


575558. 

0.0712 

0.068 

0.068 

0.067 


reduced once where the final derivative value was dom¬ 
inated by roundoff. Note that the initial truncation er¬ 
ror estimate from Eq. (5) was 45704, while the actual 
change in the first derivative value, which also measures 
the truncation error in this case, was only 5280. The 
total relative weighted errors in the last column show 
stable behavior after the initial point. 

The case with fixed perturbation sizes failed due to 
the inappropriate values chosen. This problem demon¬ 
strates the importance of carefully choosing these pa¬ 
rameters for trajectory optimization applications if no 
error control is used. In practice the user should not be 
burdened with this choice. As the above results show 
the error control mechanism can automatically adjust 
these parameters and make a dramatic difference in the 
optimization algorithm performance. 

To illustrate the second derivative techniques, a full 
second order sensitivity analysis was performed. A sin¬ 
gle perturbation parameter p was chosen as the ref¬ 


erence surface area of the shuttle with nominal value 
S re / = 2690 ft 2 . The GTS postoptimality analysis op¬ 
erator, Ref. [7], was executed at the converged point. 
The Hessian of the Lagrangian function was computed 
with respect to the variables x and the parameter p. 
The function accuracy and reperturbation parameters 
were set equal to tj = IO” 10 , and p = 5. In this case 
all perturbations were performed with respect to the 
scaled variables, and the techniques described in Ref. 

[7] were used to obtain the final unsealed sensitivity 
data. J 


The Lagrangian Hessian diagonal elements required 
11 sets of reperturbations. The fourth derivative esti¬ 
mates obtained from Eq. (11) ranged from .97x 10" 6 to 
.20 x 10 5 . The sensitivity derivative of the optimal final 
longitude, f \ with respect to perturbations in S rc/ , Pt 
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was computed as 

211 = -0.1556 x 10~ 2 deg/ft 2 

dp 

This value was verified by solving perturbed optimiza¬ 
tion problems and found to be accurate to four signi 

cant figures. 


Future Work 

The finite difference methods considered in this report 
have been tailored for trajectory optimization applica¬ 
tions where several nonlinear functions must be simul¬ 
taneously differentiated using a common perturbation 
size. Experience has shown that to obtain consistently 
accurate derivatives and monitor the errors, two sided 
differences are required. There are instances, however, 
where one sided finite differences would suffice. At 
points far from the solution, optimization algorithms 
can make progress with one sided partials. If loose con¬ 
vergence tolerances are employed, then "convergence 
can sometimes be obtained depending on the problem. 
However, if tightly converged answers are sought, then 
the gradient data must be computed more accurately 
as the solution is approached which requires central \ - 
ferences. A topic for future work is to extend the error 
control techniques to compute both one and two sided 
perturbation sizes. This could be done at the initial 
point, and the optimization algorithm could proceed 
with one sided partials until the errors become exces¬ 
sive. The more expensive two sided central differences 
could then be used to obtain final convergence. 

Another topic of interest is to implement a method 
to estimate the function accuracy error terms «/(*) at 
the first point. Since the perfect mathematical prob¬ 
lem model can not be evaluated in practice, this tech¬ 
nique could only be approximate. However, based on 
the numerical model it should be possible to determine 
the noise level in /. Finally, the use of variable scal¬ 
ing in conjunction with numerical differentiation is dis¬ 
cussed in Ref. [6]. The second derivative techniques 
developed in Ref. [7] perform all gradient calculations 
with respect to scaled variables and functions. Utiliz- 
ing scaling for first derivative computations is planned 
- and should result in improved methods. 
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Introduction 

The objective of this study is to illustrate an in¬ 
tegrated. parallel design procedure for optimal struc¬ 
tural. aerodynamic, and aileron synthesis of an aircraft. 
w ing. The effects of combining weight minimization 
with structural tailoring (ply orientation and thickness) 
of a lifting surface, together with the wing geometry 
(sweep angle and taper ratio), and the aileron geometry 
(spanwise location and chordwise size) upon the lateral 
control effectiveness are discussed. Several optimization 
studies for the minimization of aileron hinge moment, 
and wing weight, subject to a specified constant aircraft 
roll rate at a design airspeeHfroll effectiveness) are per¬ 
formed. 

Among the first historical aeroeiastic stability and 
control problems encountered were those that dealt with 
the influence of wing flexibility on the roll response to 
asymmetrical aileron deflection. Wing twist due to the 
aileron deflection decreases the available aerodynamic 
ro ling moment which, in turn, may cause aileron rever¬ 
sal (defined as the airspeed at which no roiling moment 
due to the aileron deflection is generated). Aileron re¬ 
versal became a crucial design problem for World War 
FI fighters for which high roll rates at high speeds were 
a prime combat maneuver. In general, the solution to 
aeroeiastic difficulties was to increase the torsional stiff¬ 
ness or bending stiffness, a solution that led to weight 
increases that diminished performance in other areasfl]. 

The development of advanced composite materials 
provides a new dimension to aircraft design but also cre¬ 
ates the need for extensive computer analysis. Advanced 
composites are advantageous not only because of their 
high strength-to-weight characteristics, but also because 
they allow the designer to alter and control aeroeias¬ 
tic deformation in a beneficial wayflj. Composites also 
have made previously impractical design options(such as 
forward swept wings) feasible. In addition, automatic 
control systems and their increased reliability provide 
a new way of achieving gust load alleviation, maneuver 
load control, ride control, and active flutter suppression. 

Integrated, simultaneous design of an aircraft com- 
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posite material wing structure incorporating active con¬ 
trol technology and structural optimization techniques 
requires a multidisciplinary perspective. To overcome 
the complexity of the design problem and expensive 
computation cost, procedures such as a mullilevel de¬ 
composition technique and analytic sensitivity compu¬ 
tation have been suggested by Sobieski[2j. Recently, the 
study of aeroservoelastic tailoring to exploit the inter¬ 
action of aerodynamics, elastic structures, and controls 
was reported by Zieler and Weisshaar(.1], Weisahaar and 
\am[4], and Livne[5|. 

The present study is an extension of Reference [4J. 
Aileron hinge moment is the objective function to be 
minimized. The decrease in the aileron hinge moment 
can be converted into the wing weight reduction, be¬ 
cause the size of the hydraulic actuator to deflect the 
aileron can be decreased. The ELAPS codeffi. 7), a 
general equivalent plate analysis program developed by 
Giles is used for structural analysis. A constant load 
panel method is incorporated to calculate the aerody¬ 
namic forces of the wing and hinge moment required 
for aileron deflection. The wing planform is divided 
into 100 panel segments as shown Figure I. In addition 
to determining the “best” configuration for roll require¬ 
ments, the best spanwise location of the aileron for flut¬ 
ter suppression is found by using Nissim’s aerodynamic 
energy concept[8] to determine whether the best span- 
wise aileron position for roll control is also acceptable 
for flutter suppression. 

Aeroeiastic Analysis 

The roll effectiveness can be expressed in functional 
form(in terms of steady-state roll rate, p, and design 
airspeed. V) as follows(9] : 

pb \ • _ Af _ Rolling power 

2U/ Dr Damping — in — roll ^ 

where 6 is wing span and the rolling power is: 

.'/ft as {Mp tn + .\f Ftn )/S 0 (2) 

•'/««, a nd ,Vfft <o are the rigid rolling moment on the 
undeformed wing structure due to the aileron deflection 
and the correction of the rolling moment due to wing 
flexibility, respectively. Further details about the roll 
effectiveness expression are contained in Reference [9], 


This roll effectiveness expression is an equality con¬ 
straint for the design procedure. The requirement, 
( pb/2V)o = constowf. provides the required aileron de¬ 
flection angle (£ 0 )re* from Fauation 1 and determines 
the required aileron hinge moment. 


value). To solve the optimization problem, Roaenbrock’s 
procedure(10] was used. For this procedure, the deriva¬ 
tives of the objective function with respect to design 
variables are not needed. However, this algorithm may 
be slow to converge. 


The aileron hinge moment. If Total * 9 calculated us¬ 
ing an aerodynamic panelling method and is the ob¬ 
jective function for optimization. This hinge moment, 
Hrotai i required for the roll maneuver is composed of 
two terms[9]: 

Hrotal = H Bifid + ffner ( 3 ) 

HfUftd is the hinge moment required for the 
rigid (undeformed) wing structure and Mru* * s the cor¬ 
rection to the hinge moment due to deformation. These 
terms are functions of the ply angle, skin thickness, and 
wing and aileron geometry. The expressions for the roll 
effectiveness, hinge moment were programmed and at¬ 
tached to the EL A PS code[9]. 


Y 



0 laver 
4-45® layer 
-45° layer 



Figure 1: Wing planform geometry. 

Optimization Examples and Results 

The general optimization formulation is written as 
follows: 

Minimize tf(x*) 

subject to ^ ^ Hj , j — 1,2. ...,m 

where xj is a design variable vector and /), Uj are 
lower, and upper limits of constraints(such as re¬ 
quirements that wing tip twist does not exceed some 


Constraints are 

t. (pb/2V) = 0.08. p cs 90°/sec. 

2. |Wing Tip Tivist | < 2.0® 

3 . 15% < < 85% of the semi-span 

4. 0.2 < cte < 0-4 

5. -30® < A < 30® 

6 . 0.25 < A < 0.75 


The wing planform analyzed is shown in Figure 1. 
The design airspeed is 400 miles per honr at sea^ 
level (q=2.84 put)* wing area and semi-span are 6050 in 
and 110 inches. The wing skin consists of a symmetrical 
composite laminate, modelled as a plate with six sym¬ 
metrical layers, [Of + 45®/ - 45®],. The thickness of the 
each layer is constant and is not subject to change. 



Figure 2i Wing design synthesis( first example). 


Five design variables(listed in Figure 2) are used 
in this optimization example. The integrated optimal 
design system(shown in Figure 2) consists of three sub- 
systems(aerodynamics, structure, and control sizing and 
placement), which are the functions of the design vari¬ 
ables. For the overall optimal design, three sub-systems 
must be accessed simultaneously. Although geometry 
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such as wing sweep and taper will change during opti¬ 
mization, wing area and span are fixed during the opti¬ 
mization procedure to keep the aspect ratio of the wing 
constant. Spanwise extent oflhe aileron is set to he 30% 
of the semi-span, but the chord dimension can change. 

Figure 4 summarizes the changes in wing planform 
geometry and ply orientation during the optimal design 
process. The init ial ply orientation 0(shown in Figure 1) 
is » # while the wing quarter-chord sweep angle is 15®. 
These design variables converge to 32® and 25.5®, respec¬ 
tively. The optimal aileron position and fiap-to-chord 
ratio are 84% of the semi-span and 0.2 which is the con¬ 
straint boundary. Wing tip twist approaches the upper 

limit of the constraint as shown Figure 5. The optimal 
hinge moment is 884/4-in. 

In this optimization example, the aileron spanwise 
position was determined subject to the minimization 
of hinge moment only. The aileron also can be used 
or flutter suppression. Nissim’s aerodynamic energy 
concept[8] was used to determine the most effective 
aileron spanwise location for flutter suppression. This 
result is compared with that, for roll control. 

Figure 6 shows the variation of “energy ratio" with 
the aileron spanwise location when the ply orientation 
is 45® and the quarter-chord sweep angle is 20®. The 
flutter speed V, is required to be 888 feet per second 
when the control is active. A location corresponding to 
t he larger negative value of energy ratio represents the 
more effective aileron spanwise location to suppress flut¬ 
ter. The energy ratio is computed when V = l 1 V< Fig 

ure 6 shows that the aileron should be placed at about 
<07o of the semi-span in this case. The best position of 
the aileron for roll control is also good for flutter sup¬ 
pression in this case, which is typical of others examined. 

For the previous optimization example, wing weight 1 

was fixed. As the second optimization example, wing 

weight is included as a part of the objective function and 

the thickness coefficients of a skin layer are included as 
design variables. 

The skin layer thickness distribution <,(£. q) is ex- 
pressed as a power series: 


The thickness distributions of the other two +45* -45* 
layers are prescribed as follows: 

h — (3 = 0.025 — 0.015// inches (6) 

The wing weight portion of the objective function is 
computed as follows: 




m J} n 


m = 0 n= 0 


where q are the nondimensionalized coordinates such 
t at ( refers to the chord and q refers to the span, as 
shown in Figure I. .Vine thickness coefficients t mn of the 
layer are included as design variables. The thickness 
distribution of the outer layer is written as follows: 


-£//iWlf 


where p is the mass density of the material and the 
ner of material layers is 6. 


num- 


A total of 12 design variables were used in the sec- 
ond example. These are shown in Figure 3. 


Aerodynamics 

• flap-to-chord ratio, cte. 

• spanwise control surface 

position,;^. 


Structure 

• ply angle.0, 

• 9 thickness 
coefficients./,™ 


f MINIMIZE > 
HINGE MOMENT & 
^WING WEIGHT J 


Control 

♦ constant roll rate. 

♦ flap-to-chord ratio. cte- 

• spanwise control surface 

posit ion,/V*. 


<^>=£ £ 


"V 


inches 


ms(l r» = 0 


1 

Figure 3: Wing design synthesis!second example). 

Constraints for this optimization studv are as fol¬ 
lows: 

1. (pb/2V) = 0.12 

2. |wing tip twist| < 3® 

3. 15% < < 85% of t he semi-span 

4. 0.2 < cte < 0.4 

5. Minimum thickness constraint (The laver thickness 
should be greater than zero ); The layer thickness 
is checked at 6 different locations (the leading and 
trailing edges of the wing root, mid-span, and tip). 

The objective function J for the simultaneous min¬ 
imization of t he wing weight and aileron hinge moment 
is expressed as a linear combinat ion of t he wing weight 
and control surface hinge moment. This objective func¬ 
tion is shown as follows: 

, _ W H 
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where J if the weigh tin? factor. Tins factor will de¬ 
pend upon the relative weighting placed upon structural 
weight and actuator weight. W and // «e the wing 
weight and aileron hinge moment. Win an<l Ho are ' ie 
wing weight and aileron Itinge moment for the initial set, 
of the design variables. Tlte aileron hinge moment H is 
a function of the thickness coefficients, ply orientation, 
and aileron spanwise location and chordwise dimension. 

Figure 7 shows the optimized wing thickness distri¬ 
bution when the weighting factor 0 is 1.0. The thick¬ 
ness of the laminate is the largest at the leading edge 
near the wing root and the thickness constraint at the 
trailing edge of wing tip becomes active as the opti¬ 
mization progresses. The initial wing weight is 64../6s. 
The final wing weight and hinge moment are )0.2/6s and 
1639.7 lb-in. The optimal ply orientation is 25° and the 
aileron mid-span location is about 75% of the semi-span. 

Other examples from Reference [9] show that the 
optimization result is sensitive to the initial design vari¬ 
ables. If the design process is started using a wash-m 
laminate design/0« < 9 < 90*). the optimal ply ori¬ 
entation remains in the wash-in region and the wing 
sweeps aft to compensate for the effects of the wash- 
in laminate. The converse is true for the wash-out 
laminate/—90° <9 < 0*). To determine whether or not 
the minimized hinge moment is global, the optimization 
analysis must be conducted using other initial values of 
the design variables. 

Conclusion 

From these limited examples, we have seen that 
aileron size and location, structural arrangement and 
aerodynamic planform are highly interdependent. As a 
result, a parallel synthesis procedure is invaluable. 

The aileron hinge moment can be minimized by re¬ 
designing the wing geometry and aileron flap-to-chord 
ratio and spanwise location, and reorienting composite 
ply angles. The hinge moment and wing weight can be 
minimized simultaneously. For the wing planform ge¬ 
ometry used in this study, the final wing thickness dis¬ 
tribution shows that the leading edge area of wing root 
is the thickest. The wing thickness decreases gradually 
in the direction of the trailing edge of wing tip. 

Although no attempt was made to include flutter 
suppression or other maneuver criteria simultaneously, 
there was little difference between the best aileron loca- 
tion for roll control and that for flutter suppression. 
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Figure 4: Changes in design variables dunng the optim.zation process 
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behavior of wings during the optimization process. It is also expected to result in better 
thus, a more efficient optimization cycle. 


initial models 



First, the performance of the optimization module was evaluated against results reported in the 
literature on the straight untapered wing used by Rudisill and Bhatia [4], McIntosh and Ashley [5], 
Segenreich and McIntosh [6], and others for structural optimization with flutter constraints. This wing was 
chosen since it represents one of the very few models where all structural, material, and environmental data 
are given for aeroelastic analysis and optimization with flutter constraints. Then, a set of test cases was 
selected consisting of a high aspect ratio swept and tapered wing, a medium aspect ratio straight wrng with 
a tapered section toward the wing tip, and a low aspect ratio swept and tapered fighter-type wrng (Fig. 1). 
The straight wing and the high aspect ratio wing were evaluated at subsonic Mach numbers while the 
fighter wing was investigated for flutter at subsonic and supersonic speeds. These latter three wings were 
modified derivatives of the wings used in the investigation of the influence of modeling on normal modes 

and flutter analysis by Striz and Venkayya [7]. 


High Aspect Ratio Wing Medium Aspect Ratio Wing Low Aspect Ratio Wing 




Figure 1. Wing Models Used in the Optimization Test Cases 


2. Background 

The importance of this investigation can be seen from the following example: It is generally 
understood that membrane elements when used for spars and ribs overpredict the stiffness of a wing. Thus, 
when the wing used by Rudisill and Bhatia was modeled by the present authors by replacing the front and 
rear spar membrane elements with shear elements, the natural frequencies of the first three bending modes 
dropped from 10.5, 55.9, and 125.8 Hz to 6.3, 37.6, and 110.3 Hz, respectively. This kind of change in 
wing bending frequencies can have a considerable impact on control surface performance and flutter. 
However, this example represents only a structural modeling change. In flutter analysis and optimization 
with aeroelastic constraints, the aerodynamic modeling also affects the results: the number, size, and 
distribution of the aerodynamic panels and the spiriting between the aerodynamic points and the structural 
grid. Since optimization is only as good as the associated analyses, it can, in some cases, compound and 
exaggerate errors arising from these. Thus, if modeling errors can have a considerable impact on the 
quality of the results of the associated analyses [7], optimization can be seriously jeopardized to the point 
where the resulting optimal design can be very unreliable. In the cited example, use of the sniffer 
membrane elements resulted in a 10% lower minimum weight design (38 lbs) as compared to the more 
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realistic, less stiff shear elements (42 lbs). If flutter is the driving constraint, this could lead to the desien 

of a structure that is potentially too weak. It is, therefore, essential that the initial designs used in opting 

zaoon are feasible and modeled correctly especially when built-up finite element structural models are used 
rather than the previously more common beam models. 

Thus, fully built-up finite element structural models for the four wings were evaluated for their 

behavior m optimization and the influence of such modeling factors as finite element selection, structural 

^id refinement, selection of upper frequency bounds; aerodynamic panel size and placement; splining of 

Ae aerodynamic ^id to the structural grid; the selection of extra points off the structural wing ix>x (MFCs) 

for better mass distribution and aerodynamic splining; solution procedures such as reduction schemes- etc 
and selected results are presented. 1 ctc -’ 


3. The Rudisill and Bhatia Wing Model 

As mentioned in Reference 7, one of the drawbacks of this model lies in the fact that no non- 
s ctural mass was included in the model. Thus, the mass center of the wing coincides with the elastic 
axis, resulting in a close proximity of flutter speed and divergence speed. Here, for the base model with 

modeled by membrane elements, the flutter speed for an input Mach number of 
M - 0.5566 and an altitude of h = 10,000 ft was calculated by ASTROS and MSC/NASTRAN as 10,881 
m/sec and 10,500 in/sec, respectively, with divergence speeds of 11,900 in/sec and 11500 in/sec 

1 ft 8^ VC / y ' ™ fl T SPCCd Sh , 0Wn Fig ‘ 3 of Refercoce 4 f <* the initial configuration was about' 
10,800 in/sec. When the optimized versions of the model as obtained in References 5 and 6 were analyzed 

for flutter, they were found to all encounter a divergence speed much lower than the speed used as a flutter 

constraint. It seems that none of these optimizations included the possibility of divergence as a flutter root 

and wnn?H^T CnCy 'i^ US ’ J* 8 * rcsults scem t0 ^ been United to flutter constraints only 

and would have resulted in designed wing models that considerably exceeded their divergence speeds. X 

First, in order to test the influence of the finite element selection on the optimization, the spar webs 
as well as the nbs were alternately modeled as shear elements and as membrane elements. The rest of the 

model was kept as in Reference 4. All inplane displacements were removed from the analysis set by Guyan 
reduction. Optimization results are presented in Table 1. J } 

.. . Il . can , be see u n A 31 changing the ribs from membrane elements to shear elements did not influence 
e optimized weight at all. However, when the spar webs were changed from membranes to the more 
realistic shear elements, there was a significant increase in the optimized weight due to the fact that the 
natura 1 frequencies, especially for the bending modes, as well as the divergence and flutter speeds all 
opped significantly, showing the all-membrane model to be non-conservative. When non-structural 
masses were added to the all-shear model, the minimum weight stayed essentially the same, but now 

_Table 1. Varying Element Types on Wing of Reference 4 (9 Design Variables) 


Rib Elements: 
Spar Elements: 


Membrane 

Membrane 


Initial Structural Weight: 195.92 

Optimum Structural Weight: 37.69 
Aeroelastic Mode: Divergence 

No Flutter 


Shear 

Membrane 

Membrane 

Shear 

Shear 

Shear 

195.92 

195.92 

196.04 

37.69 

41.76 

41.79 

Divergence 

Divergence 

Divergence 

No Flutter 

Flut. Close 

Flut. Close 


Shear/Mass 

Shear/Mass 

196.04 

41.68 

Divergence 

Flutter 
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the divergence and flutter speeds almost coincided for the optimized structure. 

To examine the influence of the number of aerodynamic boxes on the wing, various paneling 
schemes were chosen for the model with shear elements for spar webs: 6 spanwise boxes x 4 chordwise 

. 6 9 24 X 4 and 24x9, respectively. The results suggest that a reasonably coarse mesh, especially 

ES&&HIT - be u J.o 5 ave y compute, time for prelimmarycpumiradon, and desrgn, atnce 
it seems to result in a conservative approximation to the minimum weight. 

4. Three Wing Models with Different Aspect Ratios 
The three wing models represent, in that order, a swept and tapered transport/bomber type wing 

of M^io. '-^'i—r^fono^rr ssxs 

parameters’are avaUflWe Reference 8. Some selected structural and environmental data for these wings 

arc given in Tabic 2. 

The structural models for the three wings were built from rod, membrane, and shear elements to 


Table 2. Environmental, Initial Geometrical, and Material Property Model Data 



HIGH ASPECT RATIO WING: (Transport/Bomber, M - 0.87, h = 30,000 ft) 
Variation: Seven ribs, fourteen ribs, twenty-one ribs 


Thick¬ 

nesses: 

Areas: 


Shear panels: 
Membranes: 
Spar stiffeners: 


0.145" to 0.1" in ribs (for 14-rib); 0.2" to 0.1” in spars 
0.3” to 0.1" in skins 

0.15 in 2 (for 14-rib) Spar caps: 3.6 to 3.0 in 2 


MEDIUM ASPECT RATIO WING: (Light Transport/Combat Aircraft, M = 0.58, h = 5,000 ft) 


Variations: 


No MPCs, aerodynamic MPCs, mass MPCs; aerodynamic mesh variations 


Thicknesses: Shear panels: 
Areas: Spar stiffeners: 


0.08" in spars/ribs Membranes: 0.06" in skins, 0.08 in ribs 
0.2 in 2 Spar Caps: 1.0 in 2 


LOW ASPECT RATIO WING: (Fighter, M = 0.85, h = 5,000 ft; M = 1.5, h - 30,000 ft) 


Variation: Five spars, ten spars 


Thick¬ 

nesses: 

Areas: 


Shear panels: 

Membranes: 
Spar caps: 

Spar stiffeners: 


0.08"{I) / 0.12"{II) in ribs; 0.15 to 0.06" in spars (5-spar) 
0.135 to 0.05" le/te, 0.075 to 0.03" int., in spars (10-spar) 
0.25 to 0.04" in skins 

2.0 to 1.0 in 2 (I) / 1.0 to 0.5 in 2 {11} (5-spar) 

1.75 to 0.88 in 2 le/te, 1.0 to 0.5 in 2 int. (10-spar) 

0.05 in 2 


Material for all wings is Aluminum: E = 10,000,000 lb/in 2 , v - 033, Q 0.1 lb/in . 
All values decreasing from root to tip. 
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Tabic 3. Spanwise Structural Variation, High Aspect Ratio Wing (7X5 Aero Mesh) 


# of Ribs: 

# of Design Variables: 


Seven 

13 26 


Fourteen 
13 26 


Twenty-One ’ 
13 26 


Initial Structural Weight: 10205.6 

Optimum Structural Weight: 6408.8 


10205.6 

6341.3 


10205.4 

6498.3 


10205.4 

6447.8 


10205.2 

6371.9 


10205.2 

6352.4 



represent the wing boxes with spars, spar caps, spar stiffeners, ribs, and slrins. Here, the rods corresponded 

of ^^i 1 "' m ' mbra " eS WeK USed f ” the ^ “ d ^ *— f <” - V* 

?n ^>h SPCCt R ii ti0 W ^ S : /u r thC Wgh ”*** rati0 wing ’ structura l weight was assumed to be about 
30% of the overaU weight of the wmg, with the other 70% distributed as non-structural masses at all nodal 

points. In the optimization process, Guyan reduction was applied to retain out-of-plane displacements onlv 

A flutter constraint of 14,000 in/sec was chosen together with a lower bound of 1 Hz on the lowest natural 

frequency. For this wmg, the influence of structural complexity in spanwise direction was evaluated by 

varying the number of bays in the wing from seven to fourteen to twenty-one while keeping the total 

weight constant. This increase accounts for a more uniform distribution of mass and stiffiiess without 

changing then overall values. Reasonable element aspect ratios were exceeded to determine how foririvinc 
the structural modeling process is (Table 3). ^ ® 

From these results, it seems that the most reasonable fourteen bay wing showed the most 

^ervattye resdts Whae ?* 0thCT tW ° Wings lowcr minimum weights. This could be due to the 

stiffness distributions in the respective models, especially in the root area, or due to the somewhat 

excessive aspect ratios. In all cases, an increase in the number of design variables resulted in a lower 
weight as expected since a finer discrete distribution of masses is possible. 

b) M edium Aspect Ratio Wing : For all models of the medium aspect ratio wing, the structural weight was 
assumed to constitute about 30% of the overall weight of the wing, with the other 70% distributed as non- 
structural masses at all structural nodal points and MPCs. The flutter constraint chosen was 14,000 in/sec 
Here, the influence of the aerodynamic wing model complexity was evaluated. The number of aerodynamic 
boxes on die wmg was increased from an initially very coarse grid (5 spanwise boxes by 5 chordwise 
boxes) by increasing the number of spanwise and chordwise subdivisions. The reasonable aspect ratio of 
e aerodynamic boxes was exceeded to determine how forgiving the aerodynamic modeling process is 
the results for some of these cases are presented in Table 4. 

Here, the models with less spanwise boxes showed slightly higher minimum weights with virtually 
no variation due to a change in the number of chordwise boxes. This seems to indicate that a coarse 
aerodynamic mesh can be used for preliminary design and will result in a conservative design. 

Table 4. Aerodynamic Mesh Variation, Medium Aspect Ratio Wing (31 Design Variables) 


Panel Mesh: 


5x5 


5 x 10 


11 x5 11 x 10 22x5 22x 10 


Initial Structural Weight: 

Optimum Structural Weight: 177.7 


177.3 


576.8 

170.6 168.6 


167.5 


166.5 
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Table 5. Use of MPCs, Medium Aspect Ratio Wing, I: EPS=-0.02; H: EPS-0.03; At EPS=-0.05 
rs -r *; A«ro Mesh. 31 Design Variables) 



MPCs: Nonc 

Upper Frequency Bound: 50 Hz 100 Hz 


Aero 
50 Hz 100 Hz 


Mass 
50 Hz 100 Hz 


Aero+Mass 
50 Hz 100 Hz 


Init. Struct. Weight: 
Opt. Struct. Weight: 


I 170.3 
E 179.1 
m 179.1 


184.2 

184.2 

186.4 


157.4 

157.4 

157.4 


576.8 

157.1 229.9 477.0 

157.1 229.9 477.0 

157.1 229.9 477.0 


175.6 180.0 

175.3 175.6 

175.6 206.4 



x 

& 

rJr*' 



Finally, the use of multi-point constraints (MPCs) was evaluated. These MPCs add non-structural 
points rigidly splined to existing structural points for two purposes: to attach non-sttuctural masses for 
better overall mass distribution and to add points to which the aerodynamic loads can be splined for better 
aerodynamic load distribution. They had been used in all of the above mentioned computations for the 
medium aspect ratio wing along with Guyan reduction to only out-of-plane displacements. Three different 
values of the constraint retention parameter EPS were applied: -0.02, -0.03, and-fl.05, as weU as two 
values for the upper frequency bound on the modal flutter analyses: 50 Hz and 100 Hz. For this study 
only, the vertical spar stiffeners were eliminated and the ribs converted from shear to membrane elements 

to eliminate breathing modes. 


It seems (Table 5) that, for a given combination of upper frequency limit and constraint retention 
parameter EPS, the use of MPCs for better distribution of the non-structural mass away from just die 
structural wing box has the effect of increasing the optimized weight coupled with a lowering of the flutter 
speed found in the accompanying analysis. This may be caused by the larger rotational moments produced 
by these offsets. The use of MPCs for splining the aerodynamic forces to a larger area than just the 
structural wing box had the opposite effect, i.e. the optimized weight was even lower than for the case with 
no MPCs. This was consistent with a considerable increase in the flutter speed from the accompanying 
analysis. When the two sets of MPCs were combined, however, the minimum weight of the structure was 
comparable to that for the case of no MPCs. Thus, mass MPCs seem to be a necessity for obtaining a 
conservative weight in optimization, even though the lack of aerodynamic MPCs may res t in too g 
a minimum weight. Also, an increase in the upper frequency limit, i.e. in the number of modes retained 
in the flutter analyses, resulted in an increase in the minimum weight for all but the aerodynamic splining 
results while the effect of a change in the constraint retention parameter had, for most cases, little 
influence. However, both of these parameters have to be chosen with care. 


c) low Aspect Ratio Wine : For the low aspect ratio wing, non-structural mass in the amount of 2400 lbs 
was distributed over all nodal points and a mass of 200 lbs for a tip store with launcher oyer the wing tip 
points. No MPCs were used, since the wing box covers a large part of the projected wng area. Aero¬ 
dynamic meshes of 5 x 5 and 15 x 15 boxes were chosen. A flutter constraint of 25,000 in/sec was 
applied. For this wing, the influence of structural complexity in chordwise direction was evaluated. Starting 
with a reasonable model for die wing box using five internal spars, the wing was subdivided by ad^g 
five more spars while keeping the total weight constant. The influence of a more evenly distributed 
stiffness and mass arrangement was thus evaluated. Both, subsonic and supersonic analyses were 
performed. Results for the subsonic case only (M = 0.85) are presented in Table 6 for aerodynamic meshes 

of 5 x 5 and 15 x 15 boxes. 


The results suggest that distributing mass and stiffness more evenly in chordwise direction allows 
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Table 6. Varying Spar Number on Low Aspect Ratio Wing, Aero Mesh a) 5 x 5 b) 15 x 15 


# of Internal Spars: 

# of Design Variables: 


Five 


18 


Ten 


26 


Initial Structural Weight: I 

n 

Optimum Structural Weight: la 

lb 

Ha 

lib 


497.8 

402.7 


497.7 


330.3 

352.6 

322.6 

362.4 


228.0 

237.0 

218.6 

228.4 


la 

lb 


303.6 

328.5 


202.8 

208.6 



the optimization to optimize more members and thus leads to lower final weights. The same is of course 
true when the number of design variables is increased. It should be noted that the five spar whig with 18 

^ ° WCr WCight than ^ ten spar ^8 six design variables suggwtingthat 

it might be advantageous for the preliminaiy sizing of wings with flutter constraints to use a relatively 

simple model with a reasonably large number of design variables rather than go through the effort of 

creating a more complex model. Since the initial structure {1} of the five spar wing had somewhat 

but unde k rsized shear webs - b o* sets of values were adjusted in strucmre (II) to result 
“ L , Lgh WU lf Wth 3 m ° rC balanced sizc 311(1 m3 «s distribution. However, this only resulted in 
0 $ )arti 0 7l i v, WC ;? t fa .? ptimi2ation than ** ^ the structural weight L less than 

Ae co^se I? x t Th7r °l *** aarodYMmiC mesh was chosen < 15 * 15 > r3( h« than 

— T 8 ' “7'“ th “ \?* fOT lta ,0al "“*•>* of 4. *4). However, for pretota^ sLg 

, coarser -“eel m much shorter CPU times (for ten spar wing with 26 design variables^ CPU 
es were . .06 for the 5 x 5 mesh and 1:28:55 for the 15 x 15 mesh on the WRDC/FDL VAX8650). 

5. Discussions and Recommendations 

,„ ioil * s , ttuc,ural f” 1 ““Odyoenuc modeling on optimization and the minimum weight 

^ lgn ° f ■ b ^L~“ P fi-Q'Q foment wmg models were investigated using the optimization module of dte 

™ Optimization System (ASTROS). This was done to gain a better understanding of 
die optimization process with dynamic aeroelastic, i.e. flutter, constraints. Several trends could be observed 
urtng the course of the modeling and the optimization even though it is understood that, until many more 
casestave been evaluated, any set of analyses has to be regarded as more or less wtng 

structured** p ' e ( imi, “ , ' y desi «” with « reasonably coarse model for both the 
... ,t d * aoredynatmos will result m an optimum weight that is close to that for a more detailed 

al ' Vay / oonservative. Here, a finer chordwise stiuctural distribution seems to yield a 
SSr^,^refe.e Wer mmta ' m W ' ighI f0r tfK a ' r0dynamC a spanwise 

rhnnci J hC Sel I ® Ctl0n . of ^ ^ect finite elements for modeling the structure is rather critical since, e.g 
oosing membrane instead of shear elements for spars can result in non-conservative minimum weights’ 

nl2 .T 0n - FU1 |? le^, has to ^ ^en when selecting the modes included in the optimization 8 In- 
plane modes as well as extensional modes of the vertical spar connecting rods can cause convergence 

problems and should be eliminated. For wings where chordwise bending modes are not expected 8 it is 
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suggested .o iucre^tt te w5C 

“choose bend^g mode^dte = d lower ^ 

rretention P_ Tint, dtese 

two parameters have to be carefully chosen. 

f mpcs is advised for a more realistic mass distribution and seems to yield rather 
The use of mass MPCs is ad s r , . aerodynamic force distribution seems 

ste a^-?=2=s^‘s=sr-—-—- 

all MPCs can lead to lower weights and, thus, be non-conservative as well. 

Future ^^^^^ 0 ^ 0 ^^ weight, md into the use of 

arifrsaa:*££r~ x zis szs: ==~-“~a 

the behavior of representative wings m a true multi-disciplinary optmuza 
a more general understanding of the modeling influences on such optimization. 
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Preliminary Design Optimizati o n of Joined- Win ff ' 

John W. Gallman,* Ilan M. Kroo,f and Stephen C. Smith * : ? / 

Introduction / ' ^ 

wing ^ m a t its lail —«« to the 

the tail for both pitch control and as ZSSES aSK 

have studied this configuration and predicted sivmfirant mrinot; • f, reseaxc hers 

tural weight when compared with a conventional T-tail configuration'" 1 Kroo et »M g ” Struc j 

the cruise drag of joined wings with conventional dZZrfZ Ze lift.Z .. 

structural weight. This study showed an 11% reductiofin cruii chZ fer theZlO/ T , 

is ^nTOded^b^ore^r^Oeconi^^cO'aZgs 1 cZZ'^siZd'for^kfZl' 

^traints, such a/runway length, iuldTncOeZ^ 

seroljZtl 

Z^twn 1 ‘ he Tt, g ry - “* the *— ■»£- 

SsT/ ss r°S zrs^s^tZ 

f cruise drag, hfting surface weight, and direct operating cost (DOC). 

Analysis Methods 

phases^izriS ^“^rOhfd^i p ^rr throu rr ^ 

runway field length are described in ref. 6 along with ^“..“tion^DOc” ^ “ d 

ss ‘^rSSaS5S«583?s 
sssssa asks 

bearTfL Fig" 1 ”!) “ThZ 1 WmTr'" m0<ieled With WiabIe “» section skin-stringer 
wing bending moments inboard of thp ioint c* & -j 01 ?* cai i ses reaction forces that relieve 

this structure to be iterative^ ? Y ° f StfeSS ° n StlfeeSS forces our desi ^ algorithm for 

. , A fully-stressed design method sized the structure with a closed-form «sr»liif;«r. t . • , 

thickness in terms of structural loads and the allowable stress MultfaE S? for material 

pos.t.ve gusts, negative gusts, and maneuver loads are considered. ThOSodZal^ Z 

__ 
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structure with an initiai —r SZSfiSZ td'"es S t 

structural weight of the wing and ad. ™ S “d dd weights differ by more that 

associated with the initial matenal istnbutmn. H ^Systs. A more detailed 

10 -5 , the method update, the * ber thickJsses with this method 

i“Sd , °he 0 n^ e ofd«^ 1 variables for the optimisation problem by 160, and hence the 

computer time required for an optimum o solutmm ation 

Two interesting problems were encountered dudng.apphcation of ^^Itn^nnduJd 

the design problem. ^ prob SThe panel width of the vortex-lattice model. This 

drag which was caused by a “^rnty m^P«J ^ twists were optimum 

error caused the numerical optimizer to sygge . f , model with constant panel 

Figure 3 shows lift distributions calculated using 8 . trine-fuselage joint. Although 

widths and a model with a discontinue y I? pa ? difference of 10% in panel width produced 

the panel discontinmty . constant panel width 

significant errors in the twist distn „ ilj f»;i <, n » n had to be input parameters rather 

was needed to obtain realistic so u ions, *™g^ problem was function noise which weis caused 

Usinf^this'option 2£d P Jupdafo ofthehntW mtr ° dUCmg ‘ 

^^The^pti^z^don^roi^m^^siste^of^l^desigl^vanables^andji 

the design variables the constraints the iterB tion loop, found in other design 

appropriate sernX o^F^sX^fe iteraUon ins!o“ She 

minimizes an augmented Lagrangian merit tunenem r pr for a t ical n variable 9 

objective functio^ convince to the Khun-Tucker conditions for optimally 

constramt problem. Tins hgure ®. , t - a VAX 3200 workstation. Increasing 

in two hours and twenty minutes of computat onal time on much of this 

the feasibility tolerance for the constramt violations Horn iu 

computational time during conceptual design. 

* Results . T 

• A ft j0i Th d ‘b n istT^wthr^Oa •Sfv^^eS'for'ch^'ight. 'aSd 

-“an “°^itoi P 'tcln 

^^1^-pasrrado en^ie wM u^d^o^the^DC-foM^a^wiable-nze^vCTsion o^^ 3 

throughout this design study. The nuss desiens have a stick-fixed static margin of 

nautical miles at a cruise Mach numb • • . length of 6500 ft at sea level 

0 359 Zr*. Ik*. aitaS« Sfl&h iSStoiToS-2S»W. indude a second 
is used for the take-offandlidding; field leugtheon ^ than craise ^g, and cruise 

^ 7 itaf£ 6 ^?S& "te 
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micates « savings of 8% in cruise drag and 10% in lifting surface weight. Reference 4 assumed 

he trtdfoffl T 15 WO / d haV I a ' rei * ht ^ “> ■> conventional desipa t^ve 

DOC IW A b t d , r! ? and wcigtt. This study indicates that the design with the lowest 
DOC (9% drag savings) has a relative weight of 0.95 instead of 1 0 A • u * 

maintenance costs which increase with span (weight) and fuel costs which decrea^ 6 
(drag) produces this savings in DOC. Our studies have sSowTtha7 cots^ 
mission reduces the potential savings in DOC from 3.2% to the 2% shown in f f ? ? 

wing with a span of 104.5 ft The primary reason for this is Thata w m g^ reoS 
meet the take-off and chmb constraints. This increase in surface area increases*^ skin fncfion 
drag which in turn increases the DOC. Extra wing area was needed for these ioinlrl!™- 7 
because of the larger tail downloads required to trim at the high wing lift coefficipn^f 

r:riszz climb ■* -sxt: 

and slatt^rS il 

wht^m “ ° f 825 f ‘ 2 fo"?hettt^nvS 

hich was 175 ft less than the reference airplane. This could be caused by a difference in fiSl 
costs or runway length constraints used to design the reference airplane. The oprirn^Jfcf 

“ 111! Jo^ed -ung was 925 /f 2 The large tail downloads that cause this incre^n 7£g 
area also increase the induced drag of joined wings during cruise. Since reducing the required 

with r^A^A T 1 K-r? Cre ? Se the * nm J ° ac * s > further improvement can expected for joined wings 
h reduced stabihty. Conventional designs require very little tail load to trim indicating less 
potential for improvement with reduced stability. indicating less 

_ Conclusions 

airrJff^^ 8 dem ° nstrate the usefulness of numerical optimization in prehminarv 

transnorts eS1 A I q? ld indjcatethat J?^ ed win gs are promising alternatives for medium range 
• . ? ^ ^ savings m drag with a corresponding savings of 2% in DOC was shown foA 

joined-wmg transport with a span of 104.5 ft Ld a tfil-to-span ratio ofapprorimatelTo A 

help identify^he b^t stabilit y> climb gradient, and runway length would also 

dCnt 7, th u b • J ° med * Wing transport. Optimum solutions were determined efficiently 
d accurately by using constant panel widths in the aerodynamics model decomposing the 

co?e < thlrt d<TnS! problem, and developing analysis methods for the diign 

become a mo™d^t^T * *h«. ideas should help optimizatS 
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Fig. 2 Structural box model with skins, stringers, and the resultant bending moment. 
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Fig. 3 Lift distributions calculated with and without a panel width discontinuity at the wi 
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Fig. 4 Design variables, constraints, and a flow chart of the calculations in the design code. 
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Fig. 5 The iteration history of the objective function and the constraint violations for a joined- 
wing design problem. 
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Fig. 6 Optimization results for conventional T-tail and joined-wing transports. 
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LARGE SCALE NONLINEAR NUMERICAL OPTIMAL CONTROL 
FOR FINITE ELEMENT MODELS OF FLEXIBLE STRUCTURES ' 

/ - 

Christine A. Shoemaker and Li-zhi Liao 

Cornell University 



Abstract 

This paper discusses the development of large scale numerical optimal control algorithms for nonlinear 
systems and their application to finite element models of structures. This work is based on our expansion of 
the optimal control algorithm (DDP) in the following steps: a) improvement of convergence for initial policies in 
nonconvex regions; b) development of a numerically accurate penalty function method approach for constrained 
DDP problems; and c) parallel processing on supercomputers. The expanded constrained DDP algorithm was 
applied to the control of a four-bay, two dimensional truss with 12 soft members, which generates geometric 
nonlinearities. Using an explicit finite element model to describe the structural system requires 32 state variables 
and 10,000 time steps. Our numerical results indicate that for constrained or unconstrained structural problems 
with nonlinear dynamics, the results obtained by our expanded constrained DDP are significantly better than 
those obtained using linear-quadratic feedback control. 


I. Introduction 

The discrete-time optimal control problem studied in this paper has the following format: 


N 


.“in V g(x„u t ,t ) 



where *t+i = f(x t , u t , t) < = 1 , — ,iV — 1 , (1.2) 

a?i = £i given and fixed 

where x t G R n and u t € R m are state and control variables; the function g : /J n + m +i _► ft} j s ^e 
objective function (or performance index); and the function / : fi n+m+1 — R n is the transition 
function. In some cases, there are constraints on state and/or control variables of the tem 


h(x t ,u t ,t)< 0 f = 1 ,• • • ,N, for h : i ? n + m + 1 ftp ( 1 . 3 ) 

In the following analysis, all of the functions g, f and h may be nonlinear. The differential 

P r °S ramm ^ n S (DDP) algorithm first suggested by Mayne [ 6 ] and expanded by Jacobson 
and Mayne [ 1 ] addressed unconstrained problems of the form ( 1 . 1 )—( 1 . 2 ). Ohno [ 8 ] and Yakowitz 
[11J introduced methods for constrained differential dynamic programming (CDDP) problems. 
Yakowitz’s theoretical development is limited to linear constraints and has been implemented 

on sizable problems with linear constraints (Jones et al [ 2 ]). Ohno’s method has not been 
numerically implemented on large scale problems. 

Liao and Shoemaker [5] recently proposed a new algorithm, which is called Constrained 
Differential Dynamic Programming (CDDP), for solving general nonlinear constrained problems. 
Ihis algorithm is based on penalty function method, QR factorization and matrix partition 
techniques, and the unconstrained DDP algorithm. Numerical results of the CDDP algorithm 
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,, , „At-oAc nf state variables and nonlinear constraints on both state 

on some test problems with hundr proved that 1) when the penalty 

and control variably wme also presented^ ^ con vcrges t0 

1 1 * approaches frs ^mit ^ th^ C ^ does no f suffer from the numerical problems 

L^t^Ththe toditional penalty function method. The leading terms in the computational 
complexity for the worst case of the CDDP algorithm per iteration are the following. 

I„(n + m f + | m > + p(„ + mf + |(- - s) 3 + + (» - ^ + 2 <”> - ** (14) 

ing for' the Liao and ShoemaKer [5, coined « "tHfe^s^ 

pi°o”«sors'on the ComS Supertomputer. an IBM 3090-600E. Vetorization was very effective in 
reducing computation time. 

II. A Nonlinear Structural Control Application 

2.1 Description of a general structural control problem 

There has been little literature on the optimal control of nonlinear structures and to our 
knowledge, no previous research on the coupling of nonlinear optimization to nonlinear fi 
element Structural models. There have been many applications of optimal “J' *° “fcrmaoce 

flexible structures but most of them use LQ (Linem system dynanu^ Quadrahc^rfor 

function) techniques that assume the system’s dynamics are linear. The major d 

is that feedback control can be rapidly computed. Previous workers have used LQ co»tml poh^s 
computed on the basis of a linear approximation of nonlinear dynamics hoping tbs control would 

work reasonably well on nonlinear systems. , , 

The results nresented here indicate that nonlinear DDP optimal control policies basedou the 
nonlinem dyn^cHfaStructure perform significantly better for nonhnear structures than do 
thetonventional LQ control policies. Both the DDP and CDDP algorithms provide tune-varying 

feedback control laws. ... 

Following the description in Shoemaker ei al [9), the dynamics of the structure are esen 

by: 

(2.1) 

M • it + C • d t + K(d t ) • d t = Pt + B(d t ) • u t 

where * is the vector of nodal displacements at time, I. d, € i. vectoioj nodid verities 

at time t dt € f? n ; d t is the vector of nodal accelerations at time t, d t € R , ( . 

matnx, i(*> € U * diagonal mass matrix, M **"£*"£ISttZZXZ 

damping matrix, C € R n * n ', B(d t ) is control influence matrix S(d t ) eR , J>« external 

history vector, p« 6 R n \ and u t is control forces vector, «« € R • . . 

The criterion used to select the optimal policy is the discretization of the objective functi 

suggested by Miller ei al [7]: 


V (»tf.idftfd, + tuAMit + «B,i" TB t K„ 'Bu.) 


( 2 . 2 ) 


t=l 
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where the »’s are weighting parameters, K„ = K(0) and dfKd,, dTMd, u T B T K~ l R„ 
measures of strata energy, kinetic energy and potential energy, ripectivet' ‘ “ ' 

functions ofT h SdV m r dU “ Se ° metriC no “ UMar “ i « into the system becanse they are 
“ of the Jmm “ * •“«**“ -» P“* constraints on the conrio! 


«r n < u t < u^ ax 

where nr"" and are given parameters that reflect the range of force of the controller. ^ 
2.2 Formulation of the transition equation 

need^t^discrebz^thrtiifferential^equatkm 5 ^! )^ 6 Problem, we 

equation (2.1), we have ' ““eodncmg dtfference equations in 


!*+i 

f 

f+i 


= A 


Z +*■ A 


(2.4) 


where 


A, = (ln~h 2 M 1 K hl n — h 2 M~ 1 C\ 
\ -hM~ 1 K /„ — hM~ 1 C ) 


Bx 


■( 


h 2 M - 1 
hM~ l 


h 2 M~ 

hM~ l 




(2.5) 


and A is the time difference used in the difference equations. 

The stiffness matrix K is a quadratic function of d u and can be expressed as 

K = K 0 + —K\ + ^K 2 

2 3 ( 2 . 6 ) 

where K ? is a constant matrix, K x is a matrix only having linear terms in d K i. - * ■ 

only having quadratic terms in d,. Now, we define our state viableT " ’ ^ 


- (hi,) 


€ R 2n for < = !,*•-, iV 


tTliZ turont Variable UnCh “ ged for the DDP “ d CDDP ^orithms. Then, 


(2.7) 


our final 


- A t ■ x, + B, ( g P ’ u J t = l,...,Af_l 


- \B-u,J t«-t (2.8) 

A^dil T i f' T deri r Ved Cr ° m termS “ < 2 - 4 > * ( 2 - 6 ) “ described in Liao [31. The matrices 
A * and B are functions of z t and hence (2.8) is nonlinear. matrices 

2.3 A four-bay nonlinear structural control problem 
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Fig. 1 A two dimensional four-bay truss. 

Some Specifications of the Problem 

1 ) The damping matrix C is assumed to be zero. 

2) The control influence matrix B is constant. , . B ie then x, £ R s! . 

3 ) The dimension of the nodal displacement vector n = 16, a** 

4 ) The dimension of the control force vector m _ 2, «• 

5 ) The external load vector 


Pt = (0, 


, 0, -0.07,0,of 6 *“ 1 < 1 < p, = 0 6 ™ 


(2.9) 


14 


6) The time interval in the explicit time-marching scheme - = 0.0003709006 sec. 

7) The total time steps N = 10,000. _ 2 

8) The weighting parameters «*., =1, »«•< = ' “ " ' (Wp) , (kip), h (sec.), energy 

9) The units used in this truss are i, (mch), i, (mch/sec.), P. 1 

(inch-kip). • n 05 < ( Ui ) <0.18, i = 1,2, * = V" 

10) In the constrained case, the constrain unc : 1 _ eenera ted by the dynamics of equation 

The dynamics for the nonlinear system in ^' e g equa tion (2.6). For the linearized 
(2 8) with the actual stiffness matrix K, which « ’ d , he assumption that K is 

system, however, the dynamics are simulated with equation («) ^nebc and potential 

constant, i.e. K = K, The objmtjve unc ion , second order function ofx 

energies. Our goal is to minimize this fu “ gtatc vector . The initial value of the DDP 

results in a fourth order polynonu unc closed loop linear feedback. The adaptive shift 

algorithm in Table 1 is the nonhneju sjumm dosed P ^ of (he DDP algorithm to 

procedure (see Liao and Shoemaker WJ was 'ise^ I faction for the unconstrained 

reach the optimal solution. Table 1 S>v»' t ^ nclion j, reduced by 27% when the 

STzed W - 

™ 2 Twm tSTiSS SU for the constrained problem 

tX“mosrdTrect way to use Unear feedback is to apply the control force 

( 2 . 10 ) 


Ut = Min{u? ax ,Max{uf n ,At + &*«)). 
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xt+i = T(x t ,u t ,t) 

where At and define the linear feedback control law for 
for both cases that K x and # 2=0 (i.e. K = K 0 ). 


( 2 . 11 ) 

minimizing (2.2) given (2.7) assuming 


Table 1 Unconstrained Case: Table entries axe values of the objective 
function (inch-kip) and their percentage contributions to the total. 



Strain 

Kinetic 

Potential 

Total Energy 

No Control 

Linear System 

8639.54 

(51.2%) 

8222.65 

(48.8%) 

0.0 

(0.%) 

16862.2 

(100.%) 

No Control 
Nonlinear System 

7964.70 

(50.4%) 

7832.03 

(49.6%) 

0.0 

(0.%) 

15796.7 

(100.%) 

Linear System with 
Linear Feedback 

772.45 

(27.5%) 

494.93 

(17.6%) 

1536.82 

(54.8%) 

2804.19 

(100.%) 

NonLinear System with 
Closed-loop Linear Feedback 

618.79 

(26.2%) 

364.86 

(15.5%) 

1376.30 

(58.3%) 

2359.94 

(100.%) 

Optimal Solution 
from DDP 

668.93 

(38.6%) 

379.03 

(21.9%) 

684.61 

(39.5%) 

1732.57 

(100.%) 


Table 2 Constrained Case: Table entries are values of the objective 
function (inch-kip) and their percentage contributions to the total. 


Truncated Closed-loop 
Linear Feedback 

Truncated Unconstrained 
Optimal DDP Solution 

Optimal Solution from 
Constrained DDP 


Strain 

989.54 
(35.7%) 

863.81 
(41.3%) 

722.28 

(38.6%) 


Kinetic 

797.19 
(28.8%) 

634.04 
(30.3%) 

432.26 

(21.9%) 


Potential 

984.46 
(35.5%) 

593.36 
(28.4%) 

639.68 
(39.5%) 


Total Energy 

2771.19 
( 100 .%) 

2091.20 
( 100 .%) 

1794.22 
( 100 .%) 


Equations (2.10) and (2.11) define the truncated closed-loop linear feedback policy in 
- 2 ‘ , The t . runcated optimal DDP policy is u t = Min(u? az , Max(u? in ,uUx)) where 
«t(x) is the optimal DDP solution to the corresponding unconstrained problem. The results 
o these policies are compared to the solution obtained using the constrained version of DDP. 
The initial value of the CDDP algorithm in Table 2 is the truncated unconstrained optimal DDP 
solution. The adaptive shift procedure (see Liao and Shoemaker [4]) was used. It took 45 
iterations of the CDDP algorithm to reach the optimal solution. The results in Table 2 indicate 
that the policy computed by the constrained DDP algorithm is much better than the truncated 

linear policy since the objective function value is 35% lower for the optimal constrained DDP 
algorithm than for the truncated linear policy. 

These results support the use of the DDP algorithm, especially in its constrained version, for 
active control of flexible structures since obviously better control is obtained. The advantages 
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Sr£3S:Ss 

controls axe unconstrained. 

III. Conclusions 

Our numerical results indicate that substantial improvement in 
bv usintt a nonlinear optimal control algorithm rather than by applying LQR theory to a hn 

earized approrimation of the nonlinear system. However, the computational m,™ts-U 

be significantly larger for DDP than for LQR and hence increases in performance wdl req 
increases in computational resources. 
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ABSTRACT 

Payload Conceptual Sizing Code (PAVCOS), a new multidisciplinary computer 

program foruse in the conceptual development phase of hypersonic lifting vehicles (HVsl is 

T fl e pr0gram ' wnlten »t Lockheed Missiles and Space Company in Sunnyvale 
California, allows engineers to rapidly determine the feasibility of an HV concept anddTen 
improve upon the concept by means of optimization theory. P d 111611 

. J?®. code cont ^ ins analysis modules for aerodynamics, thermodynamics, mass DroDerties 

inipL S S b r hty ’r uw dS ’ stru , ctures> and Packaging. Motivation for the code Iks withdie 

sh^s tile n^ e f n« ° VCT theU ‘ body * of ' rcvoIution baIlistic predecessors. With these new 
shapes, the need to rapidly screen out poor concepts and actively develop new and better concerns 
is an even more crucial pan of the early design process. V concepts 

Preliminary results are given which demonstrate the optimization capabilities of the code. 


INTRODUCTION 

R . desi ? n of hypersonic lifting vehicles (HVs), such as a Maneuvering Reentry 

<5 h • ’ *L a COm P ^ x time consuming task, involving many people and years of effort 

fi UC u c ? nsists of conce P t development, preliminary design, detailed design and 

finally the fabrication of a prototype or flight test vehicle. ® 

In the early design phases, beginning with concept development and continuing into 
preliminary design, the emphasis is on evaluating the capabilities of many competing designs To 

SH ^ S , " SynthCSiS ° f aerod y nam ics, thermodynamics! flight 

stability controls, loads, structures, and packaging (i.e. a multidisciplinary approach)^ % 

Recently, effort has been directed into developing multidisciplinary analysis programs for 

tbe Preliminary design phase of aerospace structures 1 * 2 . When coupled with 
p zanon theory, these tools are a powerful means of obtaining better designs. Unfortunately 

desig J\ tooIs “* g enera Jly not weU suited for concept development This is due in part 
to the differences between concept development and preliminary design. P 

satisfies^vj!rinn« n!rfri«^ Vel0pmCnl phasc> ^emphasis is on obtaining an HV external shape that 
satisfies various performance requirements. The vehicle can't be too long too short too heaw 

Iti?atk b ho 00 UnSt !. ble .’ C y C ' ^ of thc ^g* 11 disciplines has to be considered in a global manner 
(that is, how one discipline effects, either positively or negatively, the others). Once suitable 
shapes have been found, the preliminary design phase begins. 

Prehn y naiy dcsign ’ 111S . structur al optimization which becomes important. The analysis 
. es ™ ore focused; constraints are tightened, subsystems are defined and analyzed and 
complex phenomena such as buckling and flutter are studied, all of which lead to a genend keiease 
in pre-processing, run, and post-processing time. Thus, preliminary design demands a greater 

de ?‘ e ® of de [f 1 than 1S r «inired for concept development and takes far longer than a small analysis 
team has in the short amount of time allocated for HV concept development V 
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The purpose of the 

r^Si^o^euoutpocr designs and actively pursue promising designs prior ,o the 
preliminary design effort. 

OVERVIEW 

sssg.’ss. ~ ***- •. »■r^ asraarJiK 

had to be modular so that the c °de ctmtie y “ results would carry through to 

SfS CU S“. PAY%? hadt “o run on’a wide variety of computer platforms 

WUh U ‘PAYCofSSng a wide range of hypersonic vehicles from body-of-revolution 

derivatives (Figure la) to complex glide vehicles (Figure lb). 


* - . <r . 

^ * • . j( 




(a) Body-of-Revolution Derivative 


(b) Glide Vehicle 


Figure 1: Common Hypersonic Lifting Vehicles 

The code consists of modules for each of the major flight disciplines. A brief description of 
each Module is as follows: 

Static Sutvey Module - To determine the flight stability of the vehicle. 

Controls Module - To determine control system requirements. . 

Mass Properties Module - To provide mass and mass moment of inertiadi 

STnrrer Module - To provide sldn and intern* structure wetght and volume. 

ro^e'sS, plotdngand comparison capab,.tries. 
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Whenever new coding il^S’e’d.^'^T“ McD °"" ell ' Dou « las >- 
Smctmes Modules, a thorough technical validation is jJifonlSd Pr0pemes ' Paging and 

connected dSSft&S ‘ « 


Aero 

Module 


Panel 

Generation 

Module 


Geometry 

Generation 

Module 


Startup 

Module 


Input Data 


Mass 

Properties 

Module 


Thermo 

Module 


Static Survey 
Module 


Optimization 

Module 


PAYCOS 


Packaging 

Module 


Post Processing 
Module 


Output 


Controls 

Module 


Loads 

Module 


Structures 

Module 


Data Base 


Figure 2: The PAYCOS Hypersonic Vehicle Analysis Program 

Execution time is well wi^^c^ptablTtim^frar ra^H 00 VAX ’ IR f S and CONVEX computers. 

approximately sixty seconds on a VAX 780 twemv^ C0 " cept evaluatl on. A single analysis takes 

four seconds on a CONVEX C220 Very few moMe™ S ° n * Personal IRIS Workstation, and 
process. Vcry fcw P rob,cms were encountered during the porting 


Optimization Capabilities 

uoon ,h^ YC0S K UKd c “ tW0 capacides: a) 10 rapidl >' a given concept, and b) to improve 

&s^S&S&S£sS ! &*r&S£ 
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The optimization problem solved in PAYCOS is expressed as 



Minimize f(X) 


Subject to: 


g/X)< L 0\j=l/n 

X'i <L <L X“,•;» = l’ n 


Where X is a set of bounded input variables (design variables), f(X) is a single function (objective 
function) being minimized (or maximized), and g } (X) are the inequality constraints. 

PAYCOS allows for a good deal of flexibility when it comes to the optimization problem 
statement. The Optimization Module contains a library of candidate objective and constraint 
functions. A partial list of available objective and constraint functions is given in Table 1. 



Table 1 

Available constraint/objective functions 

1 

Total weight 

6 

Roll stability 

2 

Lift/drag 

7 

Internal volume 

3 

Yaw stability 

8 

CG - Cp + offset 

4 

Roll efficiency 

9 

Flap loads 

5 

Ballistic coefficient 

1 0 

Trim 


Design variable definition is completely up to the user. Typically, the PAYCOS design 
variables are the inputs to the Geometry Generation Module and the optimization process is one of 
aeroshaping The Geometry Generation Module consists of a number of design specific geometry 
generators. This means that a body-of-revolution derivative has a different geometry generator than 
a delta wing "glider”, which has a different geometry generator than a dart shaped evader . This is 
in lieu of much more difficult task of developing a single universal generator that lends itself to 
efficient aeroshape optimization. A single flag is used to tell the Geometry Generation Module 

which generator to use. 


Preliminary Optimization Results 

The Optimization Module containing ADS has been successfully linked with PAYCOS and 
a variety of optimization problems have been successfully run. In Figure 3, the iteration histones 
of two functions are given for one such test case. Quanitity values have been intentionally deleted. 
In Figure 3a, yaw stability (the objective function) is shown. In Figure 3b, lift/drag (one of the 
constraints) is shown. Note that although the test vehicle was made more yaw stable, as was the 

goal, it was done so at the cost of lift/drag. 


454 





(a) (b) 

Figure 3: Iteration History for Maximizing Yaw Stability 

Of course, obtaining better designs is not the only value of using optimization. In concept 
development, a "best" design can be considered secondary to understanding how a change in one 
function affects another. The large amount of data generated during the optimization run can be 
used to generate the desired sensitivity plots. Consider Figure 4a, where ballistic coefficient is 
plotted against yaw stability, and Figure 4b, where roll efficiency is plotted versus vehicle weight 
for the optimization problem of Figure 3. The trends are obvious: As yaw stability increases, 
ballistic coefficient decreases, and as weight increases, roll efficiency remains fairly flat 



YKWSTABUTY 



(a) (b) 

Figure 4: Sensitivity Comparison Between Functions 

Part of the validation process involves tailoring ADS to the types of optimization problems 
PAYCOS is used to solve. From the start, the preferred optimization method was the modified 

method of feasible directions 7 with polynomial interpolation used for the one dimensional search 
(ISTRAT= 0, IOPT= 5, INOED= 7) because of its robustness in handling initially infeasible 
designs. The relative convergence criteria has been relaxed to a 5% change in objective function 
(WK(12) = .05) with the absolute convergence criteria (WK(8)) set according to the chosen 
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objective function. To avoid having to create a Sensitivity Module, the internal ADS finite 
difference routine is used to calculate the function gradients. A finite difference step size of 5 % 
(WK(21) = .05) is used in most cases. 


Conclusion 

PAYCOS brings optimization directly to the concept level in a multidisciplinary hypersonic 
vehicle analysis code designed from the start to be used very early on in the design process. 
PAYCOS greatly increases the ability to rapidly generate feasible and improved hypersonic lifting 
body designs by providing not only designs themselves but also the means of understanding 

sensitivity of competing design requirements. ___ 

Version 1.0 of PAYCOS is scheduled for completion in Fall 1990. 
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Introduction 

The design of complex engineering systems such as aircraft, automobiles and computers is primarily a cooperative 

multidisciplinary design process involving interactions between several design agents. The common thread 

underlying this multidisciplinary design activity is the information exchange between the various groups and 

disciplines. The integrating component in such environments is the common data and the dependencies that exist 
between such data. 

This may be contrasted to classical multidisciplinary analyses problems where there is coupling between distinct 
design parameters. For example, they may be expressed as mathematically coupled relationships between 
aerodynamic and structural interactions in aircraft structures; between thermal and structural interactions in 
nuclear plants, and between control considerations and structural interactions in flexible robots. These 
relationships provide analytical based frameworks leading to optimization problem formulations. 


However, in multidisciplinary design problems, information based interactions become more critical. Many times, 
the relationships between different design parameters are not amenable to analytical characterization. Under such 
circumstances, information based interactions will provide the best integration paradigm, i.e. : there is a need to 
model the data entities and their dependencies between design parameters originating from different design agents. 
The modeling of such data interactions and dependencies forms the basis for integrating the various design agents. 

Disparate CAD/CAM systems and Data Management Problems 

There is a large body of information and expertise that must be harnessed and made available both during, and 

subsequent to the design stages. The information that is to be made available to aid a particular designer is very 

difficult to handle - it is widespread, diffuse and unorganized [ALEX64], and originates from different sources 

and is conveyed in different mediums. This information is usually not accessible in a manner that permits the 
designers to best utilize it. 

Progress in the development of computer aided design and computer aided manufacturing (CAD/CAM) systems 
has largely been driven by specific task automation needs. Drafting, conceptual solid modeling , finite element 
analysis, tolerance analysis, simulation of motion, tool path simulation, numeric control, automated process 
planning systems are among several tasks that have been significantly computerized. In such CAD/CAM 
environments, the designer’s principal directive is to generate a geometric model of the product. This model 
serves as the primary input to several of these analyses, simulation and validation systems. Current CAD/CAM 
environments are largely driven by this master geometry model. However, the issue of allowing these CAD 
systems to interact with data generated by the engineering design process has not been investigated from the 
standpoint of providing collaborative capabilities within these CAD systems. This paper will attempt to study this 
interaction in more detail. Within this context, we shall introduce the notion of the design action: 

* currently with Structural Dynamics Research Corporation, Milford, OH- 45151 
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prevailing design process. 

In Oder to externalize the designer's information burden in such environments, our objectives me: 

. To study the engineering design process from the standpoint of information flows 
between interacting design agents 

• Define a framework to integrate the design process with the design action 
specifically: 

• Provide conceptual centralization of design life cycle data 

. Define a design environment to facilitate interaction with related design agents 
. Ensure data consistency between the design environment and the centralized 

life cycle databases 
Scope of this Initiative 

We shall investigate these issues from the standpoint of d>e CAD system «*£*£*^ £££££ 

exilities may be applied to a cavities 

Se“T » intemetions. The following methodology was used to address these tssues: 

. Identification of a thin slice of the problem domain for detailed study 

• Data Collection using protocol studies 

• Data Analysis and data modeling 

• Prototype Development research issues 

• Prototype Implementation 

swi,chts ' f ""' t fut u ■ 

^Lihip model identifies cardinal!* md aaUymribuu telationshtps between data mmn^or o ^ ^ ^ 
constraint network models the various compatibility relationships between these darn «nun« 

’SZSZXa^ by dte prevailing design 

process. 

The Design Model: Data and Constraints 

iSK Further, they note dm, Ute mdy — - «£ 

taegS pmblem is l develop strategies ,0 support dm collabomrion of design agents m solvmg complex 
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taslcs. Here we assume that design agents are assigned to subtasks decomposed along discipline and functional 
boundaries and may require different problem solving skills, and methodologies. Tte purpose of thfc 
collaboration is to reduce the uncertainty and the resulting contingencies associated with the subtasks. 


Let us consider a design agent, A. The input date is represented by A/ and is made available to A by the various 
upstream functions, U. The design agent acts on this information and transforms this data based on the operator 
characteristics (©i) into output data (A 0 ) that is communicated to the downstream functions. D. In order to ensure 
that the operator’s (©j) characteristics are consistent with both the upstream and the downstream functions, it is 
necessary to impose a constraint function V F; that incorporates the data interdependencies that exist between the 

upstream functions, U, the current function. A, and the downstream functions, D. Figure 1 shows a simple model 
descnbing this requirement A], A 0 are the data inputs and outputs with respect to ©j. 



Figure 1: Design - Data Input / Output Model 


In the present case, the operator (©j), represents the designer and the design action. The design action must 
therefore be capable of sharing data with the serial/ parallel functions. In order to provide such extemalization 

capabilities at the design action, the design action must allow the designer to interact with the design process in an 
effortless manner. Figure 2 illustrates the nature of such an environment. 


f USER ) 



'< oM!’\l||:iLm i 

' CONSTRAINT 

CONDITIONS 



SERIAL / 
PARALLEL 
FUNCTIONS 

LOCALIZED DATA 
SETS 


STANDARD 
REFERENCE DATA 


Figure 2 : Integration of Design Action 
with Environment 


Figure 3 : Manual Interaction Between Designer 
and CAD/CAM Environment 


The user interacts with a CAD 


system, which in turn is intimately integrated with both the geometric database 


as 
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well as a blackboard. The life cycle data is maintained by several interacting disciplines and is indicative of the 
current of the design and may be viewed as an information blackboard. Such a configuration ensures that the 
design action has access to up-to-date design data originating from different participants or teams in a distributed 
design environment. It must also be possible to manipulate these databases from the design action. 

The compatibility requirement between the life cycle data and the geometric database dictates that changes in one 
system trigger changes in the other system as appropriate. This configuration significantly externalizes the data 
communication and consistency requirement that is required of design processes involved in multidisciplinary 
design by teams. This contrasts to the manual interaction mode illustrated in figure 3 which introduces 
inefficiency in the design process. 

Proposed Architecture 

Given the scope of this paper, this section describes an architecture to provide such externalizing capabilities at 
the CAD system (the design action). 



Figure 4 : Integrated Framework 


The integrated framework supports an inference engine, a grammar module, a geometry database, a blackboard 
DBMS, a featurizer and a geometry engine. The geometry engine manipulates the geometry database ( only 
geometry) directly, whereas the featurizer manipulates the geometry database as well as the attributes as per the 
grammar modules’ or inference engines directives. The grammar module retrieves data from the geometry / 
attribute database as well as the blackboard database and manipulates the blackboard data and the 
geometry/attribute directly through the featurizer. The inference engine defines rule activations using facts 
derived from the geometry/attribute database and/or the blackboard data and may change the blackboard data 
directly and may also manipulate the geometry/attribute database via the featurizer. The components of the 
integrated framework are listed below: 
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° f T"“ vahKS and 1 *“"** 

appropriate. The entity is identified by pointer and type idenriT r* 8e0 Tf tric object must ** made available as 
about positional and dimensional aspects (location lenctlri K .* attributes P roy ide information 

emiti« (adjacency. connections) as well as descriptive dfta ( voC“po«r, p«?^ '*"**“ dUTerent S"™ 1 * 

| GEOMETRIC ENTITY ] 


finer. 


Geometric Object 


Textual Attributes 


Aggregation of Primitive 
Geometric Object! 


Descriptive 

Attributes 


Positional 


figure 5: Geometry + Description Schema 
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r, ^ sssrss z 

originating from several design agents Thk rnrv n P dCS Conlro1 strate g> es to ensure consistency for data 
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Figure 6: Blackboard Data Schema 


BUB-ASSEMBLY 


In the current implementation a relational DBMS is used The , „ 

and supports generalization and subset hierarchies (standard ^ ** Cnthy rclationshi P m «lel 

hierarchy. The BOM structure permits data from rfiffr ^ ’ tOOS and corn P° n ents) and a dynamic BOM 

with the needs of the current deS^uW hafv" T ^ ‘° * rcprcsentcd 10 a manner consistent 
and is explained in [1^89] " imp,Cmcntcd usin * ORACLE DBMS [ORAC87] 

entity and the data in^Wwkbwd^^cturo'lt^so ensures co dcfuied fa ** « eometric 

ER attributes and facilitates automatic uodates fln ri • consistenc y the relationships defined in the 

—* daiahaaes and i- * *“ —d in ihc 
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, . . ra ii e d because it uses the shape grammar formalism [STIN80] to manipulate the 
The grammar module * so „ bject ^ Chutes a,B is raplaoed with three 

geomeoty raul For examp h ' * taough. b, rules which will depend on 

odwr objects mthM.F <LTh.s of ^abase) 0 , g* design process. 

Sr'g^ ^rr^ £ l* L abases and pravidra . uniform mechmistn for ensuring 

consistency between the design action and the blackboard structure. 



Figure 7: Example Grammar Operation 

Featurizer The featurizer transforms parametrized blackboard data (e.g. attributes of standard components)!into 
gL”en^ToSe, wools, it c^rans the geometric , anribute data into equivalent blacltbo«d sm.cn.ras 

and vice versa. 

Rule based Inference Engine. The CUD’S expen system shell was used to implement the rule base ™, sysram 
iscodedta C and w» interfaced to the CAD system and the DBMS. A deraded account of the CLIPS 

implementation is discussed in [RANG 190]. 

Geometry Engine / User Interface In the prototype implementation, the AUTOCAD [AUT089] system was 
^dm sluute the CAD system. The customisation features in Autocad were used ex.ens.vely to augment Ora 

geometry based capabilities. 


Capabilities of Implemented Prototype 

The software prototype implementation is discussed in [RANG90], Some of the key functionalities of the 
CAD system are enumerated below 

. Attachment of textual attributes to geometric entities: Encapsulation ofform and function. 

- Query facility for geometric entities: e.g.: select all holes > 0-5 

- Blackboard interaction with CAD system: 

Automated information transfer between serial and parallel groups: 

insert geometric entity from standards DBMS 

insert geometrical entity from product specific Data 

(automated UPDATES. DELETIONS. INSERTS of dependent data entities) 

- Direct query link between CAD system geometric definition and DBMS attributes 

- Maintenance of geometric associations and consistency 

- Automated form feature generation 

- Design for Marutfacturability considerations: Feedback on Assemblyl Test time 

- Manipulation of design features 

- I referencing using the CUPS expert system shell 
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Conclusions 
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Introduction 


This paper descries a new 

tion to aircraft design optimization. This quas p Furthermore it decides which variables 

routines for the calculation of objective funcuon “""fSSta^objective and eon- 

need to be recomputed in response to the change of a g " . ^ use d to identify active constraints 

0f SyStOT iS C0mparcd ^ tha ' ° f C0 "’ 

ventional programs. 

Quasi-Procedural Method 

The quasi-procedural method (Ref. 1) is a form off ™npro«duraa ^^““^"v^able de^n- 
compiled subroutines and an executive rouune that keeps in* of calls ^ % lcvm 

cies. In response to a request for the value of a certain vmabtethe ««auve depcn . 
routines in the appropriate order. In the examp e s own gu , u( ^ ^ tables 

dencies, through intermediate results of many subroutines, „ ti nal oath 0 ff ers improved flexi- 

shown at the top of the figure. This real-time arrangemen o addition, because the structure 

sis is combined with numerical optimization. 



Figure 1. Quasi-Procedural Method and Consistency Maintenance 








Numerical Optimization Using Quasi-Procedural Programming 

Numerical optimization involves repeated evaluation of an objective function and constraints. At each 
evaluation, modification of some design variable (e.g., wing area) may require re-execution of a large 
number of analysis modules. On the other hand, changes in other variables, such as takeoff flap deflec¬ 
tion, may invalidate only a few analyses. The quasi-procedural method recognizes the difference and re¬ 
configures the computational path, allowing the optimizer to avoid the redundant calculations made by con¬ 
ventional methods with rigid program structures. This improved efficiency may be utilized in several 
ways. The following sections describe three methods by which the quasi-procedural method may be used 
to improve the performance of conventional numerical optimization methods. 


Gradient Calculation 

Time savings are especially large when the gradient of the objective function must be computed by finite 
differences. In this case, each component of the gradient is constructed by evaluating the change in objec¬ 
tive function due to a change in the corresponding design variable. Since this process involves changing 
only a single design variable at a time, much of the computational path is unaffected and so the number of 
required computations is reduced. Furthermore, if the calculation of one gradient component requires a 
time T, which is substantially longer than the times required to compute the other components in a N- 
dimensional optimization, a fixed program structure evaluates the gradient in a time N*T, while the quasi- 
procedural method demands only a bit longer than T. 


Constrained Optimization 

Constrained optimization problems provide additional opportunities for reduction in computation time. 
Figure 2 shows a feasible region bounded by five constraints. The gradients of the objective and con¬ 
straint functions are evaluated at the end of each line search. The size of a finite difference interval for gra¬ 
dient calculation must be small enough to approximate the derivatives accurately. This means that if a con¬ 
straint is inactive at a point, that constraint is not violated during the gradient calculation at that point The 
quasi-procedural method makes it easy to remove inactive constraints from gradient calculations. The re¬ 
sulting computational time savings is large when expensive constraints are inactive during much of the 
search. Further savings are achieved because not all design variables affect all constraints. Since chang¬ 
ing take-off flap deflection affects climb and take-off field length, but not range or landing field length, no 
additional time is spent computing range when take-off flap is varied. This makes it possible to achieve 
the efficiency available with a reduced design variable set without actually changing design variables. 


Sunt 



Figure 2. Constrained Optimization and Activation of Constriants 
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Figure 3. Gradient Calculation by Chain 
Rule and Intermediate Sensitivities 


dependency information, provided by U« quaai-^ed^^. nnato 
the use of the chain rule which may reduce the cost of derivative calculations (Ref. 2). Consider th 
ysis procedure shown inFigura 3. If the entire calculation were treated as«textile “* '“I™ 1 ' 
for comoutation of the gradient of q with respect to the seven design variables would be. 
7 *(A+B+C+D+E+F+G+H+I) where A, B, C, etc. represent the time required for the correspon g 
routine (or twice this value if central-differencing is used.) However, given the dependency information, 
the derivative of q with respect to a may be written: 

a k C d C I 

dq/da =dq/do*dolda + dq/dp*dplda 

- dqldo*(doldl*dl!da + doldm*dmlda + do/dn dnlekx) 

= dq/do*(do/dl*dl/dh*dhJda + doldm*dm/di*dilda ) 

This evaluation is performed in the time: I+H+E+A+H+F. 

The entire gradient requires a time of: 

(I+H+E+A+H+F) +A + (B+G+H) +B + (C+G) + (D+I) + F 
= 2A+2B+C+D+E+2F+2G+3H+2I 
Thus the evaluation time is reduced from 63 to 16 (in subrou¬ 
tine units). The savings become more significant when one of q 

the subroutines which is called only once (i.e., C, D, or E) is Figure 3. Gradient Calculation by Chain 
very time-consuming. For example, if the routine E requires Rule and Intermediate Sensitivities 

10 times the computational effort as the other routines, the cal¬ 
culation time is reduced by 80%. 

Expert System 

Domain-specific knowledge can be especially useful in .he early singes of s,an 

the optimization at an arbitrary point, an expert system is used toJSrf SfcotSts or 
based system was combined with the quasi-procedural program . cte d (Ref 3) 

other design problems, and to offer intelligent advice on how the problem might be corrected (Ref. 3). 

The wanting rules examine the current database, identify active design constraints, and report them to the 
uso-Atyp^nlwamtiigmls may compare the curren. value of a variable with its requtmd value, and tssue 

a warning string in case of constraint violation. 

Solution rules analyse the causes of a constrain, violation and generate 

A solution rule first looks at the warnings posted by the warning rules, and tnes to identify a specific proo 
“ hi“ ^tion rule is responsible. The rule may .hen look a, . 

fo.ma.ion pertinent to the current problem and prescribe a solution best-suited for the current case. For 

ample, a set of solution rules for the takeoff distance problem might be. 

IF (TOFieldLength is too long) and not(ClimbGrad is too small) 
and (*< TOFlapDef1 20.) THEN (Increase TOFlapDefl) 

IF (TOFieldLength is too long) and (*/ TotalSLST MaxTOW SToverW) 
and (*< SToverW 0.2) THEN (Increase SLSThrust) 

A rule-base with approximately 100 rules was used to resolve fundamental problems with the initial design 
so that the numerical optimization could be started in a feasible region. 
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Applications 


The quasi-procedural analysis method was combined with a variable-metric optimizer to illustrate the effi' 
crcncy of ft, f Sys.em i„ realistic design applicadons. In this section, two exa^oSe™“uSd- 

which^ th ' 0,y ’ “* “ ^ “ “ d Si “* - ' 



In this example, the Unearity of an aerodynamic analysis routine is exploited by the quasi-procedural meth- 

low^theTift c^ffS^Td^tribilti Wing 7 iSt £ ? Strib J tion is to 1x5 desi S ned so that the induced drag is kept 
• ^cient distribution is relatively uniform, and the desired wing lift is achieved The design 

variables include the wing taper ratio, the twist angle of each of the twenty panels, and the angle of attack 

4) was dSed 10 “ ,he objecdve fu " cdon a 


igure 4 shows the geometry and vortex arrangement of the swept wing, 
lie span wise lift distribution and induced drag are computed based on a 
eissinger method, using a discrete vortex representation of the wake and 
a concentrated bound vortex. The trailing vortices are evenly spaced along 
the span, and the discrete bound vortices are placed at the quarter chord. 

sing the Biot-Savart law, an aerodynamic influence coefficient (AIC) 
matrix is computed which relates the strengths of the discrete vortices Tto 
the downwash w at the control points located at the three quarter chord of 
the span wise panels: AIC(iJ) = w; due to unit vortex strength at j 
e strengths of the bound vortices, and eventually the spanwise lift and 
/ istnbutions, are then found by solving the linear equation: 

[AIC] {r} = (/,„{ 6} where U x is the freestream velocity. 

Figure 5 shows the program structure for the wing design problem. The 
subroutine AIC constructs the elements of the AIC matrix Decomp per¬ 
forms LU decomposition of the AIC matrix, and Solve performs back- 
substitution. The AIC matrix has to be recomputed when taper ratio is 
modified, but need not be recalculated if only the twist angles and angle 
of attack are changed. The number shown to the right of each subroutine 
box in figure 5 is the execution time of the subroutine as a fraction of the 
total execution time. Solve is much faster than AIC, accounting for T ' 
only 16% of the total computational time. This computational structure « 
permits the quasi-procedural method to efficiently compute the gradient 
components with respect to the 20 twist angles and angle of attack. Fig- 
ure 6 shows the optimal Ci and lift distributions. Note that the optimal 
Ci distribution is nearly constant as desired, and the lift distribution is 
nearly elliptic as reflected in the span efficiency of 0.98 


Trtlktg VartiOM 



Figure 4. Wing Vortex Model 


Taper 


AIC 

& 

Decomp 


84 . 02 % 


Twists - 

"V Solve 


15 . 98 % 


Lift, Ci 


Figure 5. Structure of the 
Analysis Routines 


^ 5 g en ’. e “ USed ' eveiy eradkm “Clarion evaluation of the AIC 

matnx twice each change in taper raho, and solution of the linear system 42 tunes (2 times for taper ratio 

and 40 times for twisty Therefore, the computational time for one gradient evaluating: ^ 

tionai 53,2 sec ' 33115 fi S u re may be compared with the time needed by conven- 

sec The rafc Of hi h ^ " 0t T 08 ”!!' ‘ h ' StniCIUre of ““ pro8ram: 42 * < 5 - 33 SK + 101 = 266.3 

sec. The ratio of these two values indicates a 80% saving by the quasi-procedural method. 
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Figure 6. Optimal Lift and Cj Distributions 
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Figure 7. Computation Time Distribution 


Figure 7 compares the total optimize times = dte W" 

The figure shows the significant tune saving obtained in the AIC calcination inei £ 

ing is 73%, which is only 7% less than the maximum 80% gain available m the gra 


lomnlete Am 


To illustrate the application of the method in a more complex problem a set of tables 

The analysis routines include geometric, aerodynamic, structu , an econo ^,- r , , ,• aDDlica- 

pmliminary design methods of Douglas Aircraft Company (Ref. 5) which were modtfled for this applies 


non. 


The expert system was first employed to generate a reasonable sorting pomt foritemuMfcd ■ 

non. In this case, the system was able to suggest solunons to provide a feasible^smrtmgtouu.1 ^ ^ 

ble metric optimizer was then used to minimize direct operaung cost, tgu ... , . 

tion which L sftes the five constraints and reduces DOC by 4% compared wtih the initial design. 


Dcsp Variables 


MaxTOW 
# Wing Ana 
SveapW 
ARv 
Wing t-c 


95739 lbs 


9502 sq it 


7.12 


146 


InitlalCzAlt 29990 ft 


FlnalCrAlt 30046 ft 


SLSThrust 16797 lbs 


TOFlapDafl 12< 


Sh+Siring 273 


Mach ■ 0.50 


Range -1500 a. mi 
TOFieldLength < 6000 ft 
LaniFieldLength < 5500 
CbmbOnd > 0.024 


Figure 8. Optimal Geometry and Design Variables 



Figure 9. Computational Path for DOC and 
Constraints 
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Figure 10 shows the amount of time spent 
in each of the subroutines for three optim¬ 
ization cases. In the first case, the sub¬ 
routines were arranged in a suitable order 
and the quasi-procedural system was not 
employed. In the second case, the system 
with consistency maintenance was used. 
Finally, inactive constraints were re¬ 
moved from gradient calculations as de¬ 
scribed previously. The result is an over¬ 
all reduction in computation time of 22% 
for the quasi-procedural method, increas¬ 
ing to 39% when inactive constraints are 
removed. The figure shows that routines 
such as fuselage geometry (FUSEGM) 
are not affected by the selected design 

variables and so need to be executed only 
once. 


-in 



Figure 10. Distribution of Computation 
Times Among Analysis Routines 


v>UllVlUolUllo 


m m 'v* 


'-vnuuuMlg 




^on U ti S T^t° d C ? taprove ,he P erfom ““*“ Of conventional numerical onrimi- 

c"„“ rss of the cpmp “ path ^ 

algorite) that may also be “ ** *”* 
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, An Application of Compound Scaling to Wind Tunnel Model Design 

\rj Mark French and Raymond M. Kolonay 

: Wright Research and Development Center 

Wright-Patterson AFB. OH 

Abstract 

. , - j f„ r th<* vt iff ness desicn of aeroelastically scaled wind tunnel models. 

An approach has been eve ope ^ ' ‘ a structure whose stiffness matches a desired stiffness 

The object of designing such mode ' • d oonmization problem and worked with 

distribution. This design problem ts c ^‘ ^ a °"" ffort uscd the modified method of feasible directions 
two different optimization methods. A p • . . ODt i m jzation code. In this effort, a 

(MFD) as implemented in a general purpose finite P mfD and 

using MFD 2 nd compound scaling. 

Introduction 

• a _on sealed wind tunnel model wing is 

One of the most important tasks in the design ofan * d • model stru cture whose 

asL-rasE— 

characteristics of the full-size structure that the model represents. 

„ * assumed to, a large. flexibUii, nnabixis £ow„ fmihe A culumu^of a ™ 

^rcrrd^dp,b p a, f ube J= 

degteT'of freeddm'are active, rite u* co.umu of die calculalcd mode, nexibilily matrix will match ft. 
n* column of the desired flexibility matrix. 

If Ibis optimization approach *%£££ m^c“Tslrn^"^l” 

the flexibility matrix aid the tone gearuy . ^ ^ ovctaH sli(TneM characteristics match the 

of SeVsto smemte. The possibiliiy then exists of modelling on anisoiropic structure 

with an isotropic one. 

_ . _ r „ __ n - ra | nornose structural optimization code can be used to simplify the wind 

It has been shown that a general purpose stnic more cumbersome than 

nmuel model design process <conaderably (Ref 1)„ was „ 0 , weU suiied. 

4— program was written and the 

problem described in Reference 1 was reworked. 

Analysis 

. u . . j o \i/ina had to be selected for which stiffness characteristics were 
^^TO^JUlSweeo the cutten, msearcb and ft. cited in 
SKI the same W scale fighter wing was selected. The wing was consisted largely of 
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composite materials and was built to demonstrate the feasibility of using aeroelastic tailoring on fighter 
wmgs (See Figure 1). The structure involved in this effort represents only the structural box of the 
original wing. The model structure described here is the same size as the 1/9 scale wing. 

Reference 3 presents a flexibility matrix generated from a finite element model of the 1/9 scale wing. 
Flexibility coefficients are given at 28 points on the surface of the wing. The location of these points 
is presented in Figure 2. This flexibility matrix was used as the basis for the design of the test structure. 
A set of displacement constraints for the optimization problem can be written using a column of the 
flexibility matrix, a load is placed at some point on the wing and the terms from the column of the 
flexibility matrix are input as displacement constraints. Each column of the flexibility matrix is 
considered as a separate load case. In vector form, a normalized set of constraints can be written as 

*,(*) - 3d* * 0, y-1 ,n (1) 


where x^ is the calculated displacement at the j' h grid point due to a unit load at the i ,h grid point and 
6,j is the desired displacement at the j* grid point due to a unit load at the i ,h grid point. 


Previously, structural mass was used as the objective function since it is assumed in the code used. This 
choice is reasonable since one would expect a minimum weight structure to be a relatively flexible one 
and thus one for which many of the constraints are active or nearly so. However, since the goal of the 
design procedure is to minimize the difference between the desired and actual deformation at the grid 
points, the problem was reformulated to use a squared error function as the objective function. 




The design variables for the problem are the widths and heights of the beam elements. The values do 
not show up explicity in the objective function; however, the calculated deformations which are used 

in forming the objective function are in turn functions of the element sizes. The formal optimization 
problem can be stated as 


Minimize: F(x(h,b)) 
Subject to: g t <; g t 


hf* h™* 



The 1/9 scale wing model chosen was originally intended for transonic testing and is extremely stiff. 

To make stiffness testing of the new model easier, the terms of the flexibility matrix were multiplied 

by 10. This was considered reasonable since the purpose of this experiment is to show that an arbitrary 

stiffness distribution can be modelled with a simple isotropic structure, rather than model a specific 

wing. The result was a structure flexible enough to give easily measurable displacements under a 
modest load. 


471 


In order to exactly match the scaled stiffness properties of the 1/9 scale model, a complete set of 
displacement constraints would need to be applied for every column of the flexibility matrix. However, 
this approach would result in an unreasonably large problem. Another approach is to appeal to intuition 
and assume that if columns of the flexibility matrix are correct for a small number of unit loads applied 
at widely separated grid points, the remaining columns are correct or nearly so. 

A second assumption can be made to further simplify the optimization process. The deformations at die 
inboard grid points are often very small but can have undesireably large influence on the design 
problem; very small absolute differences between the desired and calculated displacements can still 
result in very large normalized constraint values. Ignoring constraints at the inboard grid points when 
calculating the objective function helps ensure that the optimization algorithm does not get bogged down 
trying to cope with highly violated constraints which have little effect on the results. All constraints, 
including those omitted from the objective function calculation were used to define the boundary of the 

feasible region. 

Previously, a structure composed of beam and plate bending elements was used to represent the structure 
of the aeroelastically scaled model. The results were good, but the existence of the plate elements 
caused problems in fabricating a test specimen. To address this problem, only beam elements were used 
in this effort. The structure is a lattice of beam elements connecting the points at which flexibility 

coefficients were given. 

A FORTRAN program was written to model the wing structure using bar finite elements and generate 
function values and gradients for passing to an optimization program. The program uses 12 DOF beam 
elements to model the bars. The finite element model is presented in Figure 2. Two different 
optimization methods were used for different versions of the program; ADS (Ref 4) and compound 
scaling as implemented in FUNOPT (FUNctional OPTimization. Refs 5 and 6). The Modified Method 
of Feasible Directions (MFD) was used in ADS. 

A number of different constraint sets was specified during the course of the design process. Initial runs 
were made using a single set of constraints and the number was gradually increased. It was found that 
four displacement vectors were sufficient to design the wing. The four columns of the flexibility matrix 
correspond to unit loads placed at the leading edge of the tip, trailing edge of the tip, leading edge of 
the mid span and trailing edge of the mid span. These correspond to points 13, 16, 25 and 28 on Figure 
2. The resulting design problem had 106 design variables (width and height for each of 53 beam 
elements) and 112 constraints (4 load cases and 28 constraints per load case). 

Results 

Both methods produced acceptable final designs. The ADS design had 28 constraints within 5% of the 
boundary of the feasible region, but most of these were concentrated in the last load case. For the 
second load case, there were no constraints within 5% of the boundary. The FUNOPT design was the 
better of the two since approximately 60 constraints were within 5% of the boundary of the feasible 
region. This indicates that FUNOPT was able to find an approximate intersection of 60 constraints. 
The caveat should be made that both methods used here have parameters which can be varied to improve 
performance. ADS may have produced a better design if the optimzation parameters had been set 

differently. 

It is difficult to compactly present results from the analyses described here, but some feel for the quality 
of the results can be obtained by examining the deflections along the leading and trailing edges of the 
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edge, of .he ADS Td^o^ de^ dT to a^loldT^d 

X^rr-tssr- ,he •* - - - ^^srss 

The biggest problem encountered in the optimization process was n,„ .• • • 

S~5~=rr4~B 

sssvs rffls^srsssa 

Conclusions 

allowable “e ^"'.he^f Ue' 

ST--*— - -* » >- -ry oseful la sizing*! « o“, 

The design procedure presented here demonstrates that optimization can he ..sefi.l ; n a • • 
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HITCAN: HIGH TEMPERATURE COMPOSITE ANALYZER 

Surendra N. Singhal 1 , Joseph J. Lackney 1 , 
Christos C. Charais 2 , and Pappu L. N. MurthjT 

’Sverdrup Technology, Inc., Brook Park, Ohio 
2 Lewis Research Center, Cleveland, Ohio 


ABSTRACT 

A computer code, HITCAN (High Temperature Composite Malyzer) has been 
developed to analyze/design metal matrix composite structures. HITCAN s 
on composite mechanics theories and computer codes developed at National 

Aeronautics and Space Administration (NASA), Lewis Research Center, , . 

two decades. HITCAN is a general purpose code for predicting the global 
structural and local stress-strain response of muitilayered (arbitr ily 
oriented) metal matrix structures both at the constituent (fiber “ tr £; ™ 
interphase) and the structure level and including the fabrication proc 
effects The thermo-mechanical properties of the constituents are considere 
tobe nonlinearly dependent on several parameters including temperature stress. 

and stress rate The computational procedure employs an ^^^tior model 
nonlinear approach utilizing a multifactor-interaction mat.erial behavior^model 

HITCAN features and analysis capabilities (static, load stepp ng, m , 

buckling) are demonstrated through typical example problems. 

BACKGROUND 

High temperature metal matrix composites (HTMMC) have shown potential as 
structural materials for 21st century propulsion systems. The nonlinea 
dependence of the thermo-mechanical properties of HTMMCs on parameters such as 
temperature, stress, and stress rate, may alter the structural response 
significantly. Experimental investigations being high in cost, computational 
models including nonlinear material behavior simulating the real-life response 
of components made from HTMMC materials are required. 

The need for developing multilevel analysis models for multilayered fibrous 
composites was recognized almost 2 decades ago (Ref. 1) and a multilevel analysis 
computer code was developed subsequently (Ref. 2) Research related to various 
aspects of HTMMC materials and structures has been conducted at the Lewis 
Research Center of the National Aeronautics and Space Administration (NASA) 
several years. Building upon parts of this research effort, a high temperature 
composites analyzer code HITCAN, has been developed. 

The objective of this paper is to summarize HITCAN’s capabilities with 
illustrative examples which demonstrate its application versatility. 

HITCAN: A BRIEF DESCRIPTION 

HITCAN presents a self-contained (independent of commercial codes) 
synergistic combination of NASA developed codes, MHOST and METCAN which are 
finite element structural analysis, and multilevel nonlinear material behavior 
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codes, respectively. User-frfon^w 

Of HITCAK code. For InstancJit taluksTau".‘"f dupI "S <*• development 
commonly used aerospace fiber and matrix materials o* Pr ° P ' rCy dat » b ase for 
base can be Input to HITCAN automatically. Properties from this data 

structures Tha^eft p'«t ‘"Vlg'ur.TdepYctf^f d f ° r " alyzln S oomposlte 

flnltl I?* d °, n kn<> " n const ltuent properties da “ r " ln * tl »" »f laminate 
nite element analysis which provides the stn.ri-,' / h tOR P ® rt de Picts the 

level. And the right part shows the determine tio/of C *? P ° nSe at the laminate 

at the constituent level. Finally the bottom w? f h ® structu ral response 

constituent material properties based on inmt-* Part Sh ° WS the u P da ting of 

constituent stress response. Figure 2 show/ P ara meters and calculated 

constituent material properties are updated. various regions in which the 

FEATURES 

response^f^u^tlTayered'fflgh^^Vr^ure'metaVnrV' 1 ^ 3 ^ *" d ldddl “—in 

at the constituent (fiber, matrix and i ^ ^ atr ^ x composite structures both 
HITCAN's analysis capabilities include static^loa/it the structure level, 
response. HITCAN treats thermo-mechanical PP ?’ m ° dal and ^ckling 

as nonlinear multifactor-interaction functions of t/” ** ^ consCituent level 
rate, as shown below (Ref. 3). temperature, stress, and stress 



T, and TgH^e^no t e "me 1 ting/ ^ur^ren t* ^and n ®® cond ^ c ^ on material properties; T 
denote fracture a*- t 9 ^ reference temperature* S g j <t 

appropriately selected current: and r.fere^'atre^ 1 V r V *" d d e d '"°'e° 

exponents n, m, and 1 are empirical constants. ’ res P eccive ly- The 

HITCAN includes the dependence of t-h» k«k u 

composites on fabrication process variables h aVior of the “etal matrix 
between the fiber and matrix. lables and properties of an Interphase 

through example VrobUmMRe^* 1 ^ are marked'*'5TV d'T h * Ve bee " demonstrated 

enhancement of the code continue. In “ . LZTL? AUh ‘ >u S» the 

wide variety of composite structural analyses probf."": * PPUcabl * « a 

demonstration problems 

HITCAN^are ^^lonstriited for^a^simply^nnxu-tf analysis capabilities of 

15-3-3-3. For all demonstration^ ^ ° f Sl C/T1 ‘ 

consists of 4 layer, with a top-to-botto. ply lay-up T (S^S^ 
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volume ratio of 0.4, and a reference temperature of; 7CI °F. 

degradation, and fabrication-induced stresses. 

^ rvresent report is to demonstrate the capabilities 

Since, the purpose of the present P a det ailed discussion of the 

of HITCAK rather than to provide be ^ ^ unavailability of results in open 

results is not included. Als ■ . , d bv uiTCAN it has not been possible 

literature for the “rifled for some classical 

to provide comparisons. However, cne 

problems. 

nnfllvsis was conducted for a combined thermal and 

STATIC ANALYSIS: The static analysis was co^ feu Ued in one step . The 

mechanical load similar to simil f r t o the constant material property case 

of'the 3 load “"ppingWy^is which follows, are not Included here. 

LOAD STEPPING ANALYSIS: The load stepping 

linear analysis where the loa is app load step The analysis was first 

material properties updated at the end of atep. f ™ ^ (0/±45/90) 

performed for the base case with no fi g L mod el described above 

ply lay-up, and the most general boundary conditions are 

in the 'FOTS' s ^ lon ‘ ® ^sultsincluding displacements and constituent 
shown m Figure 3. The oase case j. 3 ^ displacements are in the 

and ply level stresses are also shown in Figure ^ * P materials 

global structural eoordinate arc shown in Figur. 1 . 

Letters*^! B^and C, used in Figure 3 are for various regions of constituent 
material nonuniformity, defined in Figure 2. 

The load stepping analysis was repeated by varying one^par^ete^^ property 

for (i) f^r.ddses of constitutive ^ only , material properties 

case, materia p p material properties dependent on stress rate only, 

dependent on stress ^ the symm etric orientation of (0/45),, 

(ii) two cases of ply orientations n ly ^ ^ of fiber degradation by a 

and balanced orientation of (0/9 ),. ( creating an interphase between the 

factor of one-tanth of its '> rl e tnal „ f di “* t “' taken as an average of the 

fiber and matrix with propartia. fabrication thermal loading 

fiber and matrix properties ^ > thermal and mechanical loading. The 

(Figure 4) applied before the c ®“ results for all these cases are 

corresponding displacement an P ^ brevity> the sensitivity analysis 

tabulated in Figure 4. at the end of the third load step only, 

response is compared with the bas . . .., . -.i cases due to the very 

The P effect of stress Fate was found negligrble n all cas^s,^ ^ 

nature of the problems chosen. This etrecc 
analysis. 

^ p h< ffprent forms of constitutive models was analyzed 

The effect of us ® 4 xhis Figure shows the importance of using 

material model! - -pende^ 

£&££- - • —* *» - o£ the 
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constitutive model i e 4.L- 

degradation of material properties f accord^ ^ dis P lace “ent caused by the 
model. The increase in the displacement- • ° g ° t * le n,u ^ti-factor interaction 
properties are considered constant. In Figure^^he ^ *°h t*. 6 ^ 386 When materia l 
refers to percentage increase in the displacement ^u 1 Tem P erat ure Effect’ 
are made temperature dependent only. Similarly the {'th i-t material Properties 
to percentage increase in the displacement'then JL label . ’Stress Effect’ refers 
stress dependent only. And, the P label ’Combi propertie s are m a de 

increase in the displacement when the material "nro refers to Percentage 

temperature and stress simultaneously. P perties ar e made dependent on 

pS --^ - — — .1 

Four modes were calculated (the code is caoahle t L ° ad Ste PP in g Analysis’, 

laired,. The resales for nstur.l frequencies are 'sho^in JigureT “ 

mechanical 

calculating as many modes as desired). The ‘-ulated (the code is capable of 
cases; for mechanical loading including fib" 3 W3S then repeated for two 

thermo-mechanical loading without fiber deJrtdltioT^F' 10 ",, for 
fiber was degraded by a factor of one-tenth^f fe' F ° r . the flrsc ca “, the 
loadings, boundary conditions, and results are sho™ in^ig^e / lanecer - 

CONCLUSIONS 

Several featin—ec n n j . , 

composite analyzer code, HITCAN n havebeen a de bilitieS ° f th ® high te *perature 

These features make HITCM a poweX tHr ° Ugh eXa “P le P">bl«s • 

analyzing/designing metal matrix composite strictures Td ffective tool for 

of the multilevel analysis approach ? HITCAN h£ and com P onent s- Because 

influence of individual consul "SL’t Utlll V f ° r stud ^ the 

response. HITCAN will help in material lifw beba vior on global structural 

analyzing sensitivity of structural resnont C ^ f °5 s P ecific applications, in 

m providing structural response at all^evel ° ^ arious s y stem parameters, and 

ponse at all levels of material constituents. 
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Abstract 

The subject of this paper is the buckling of laminated plates, with a pre-existing delamination, 
subjected to inplane loading. Each laminate is modelled as an orthotroptc Mindlin plate. The analysis is 
carried out by a combination of the finite element and asymptotic expansion methods. By applying the 
finite element method, plates with general delamination regions can be studied. The asymptotic 
expansion method reduces the number of unknown variables of the eigenvalue equation to that of the 
equation for a single Kirchhoff plate. Numerical results are presented for several example^ The effects 
of the shape, size and position of the delamination, on the buckling load, are studied through these 

examples. 


1 Introduction 

A separated region might exist between the layers of a laminated plate or shell ^ ,2, ^ Such a 
region is called a delamination. When a plate with delamination buckles, the critical load is lower than 
that for the plate without delamination. The separated portion will usually open when delamination 

buckling occurs and the delamination may grow due to the buckling^!- . . .. - 

Reference [1] is one of the earlier papers on delamination buckling. The delamination buckling ot 
beams and the growth of delaminations have been studied by using the classical beam theory. 
Axisymmetric delamination buckling has been studied in reference [6]. The buckling of a plate with a 
rectangular delamination has been solved in reference [7]. However, in both reference [6] and reference 
7], the buckling load is assumed to be equal to the value for the delaminated part, which is considered to 
3 e a clamped plate. Obviously, the solution can only be applied in some special cases. 

In this paper, the delamination buckling of laminated plates is studied by applying the finite element 
method, so that we can study plates with general delamination regions. Each layer is modelled as an 
orthotropic Mindlin plate^. This model describes the mechanical behavior of composite plates in an 
accurate manner. The shearing strains in each layer are chosen as independent variables. In this way, 
the locking problem can be avoided^- Also, this approach enables us to apply the asymptotic expansion 
method, which reduces the number of unknown variables of the eigenvalue equation to that of the 

equation for a single Kirchhoff plate. . 

Buckling loads are calculated numerically for several example problems. The eriects ot tne size, 

shape and position of the delamination on the in-plane buckling load for a laminated plate are studied in 

the paper. Also, the results show that, as expected, the effect of the material properties on the buckling 

load is significant. 


2 The Governing Equations 

Consider a N-layer laminated plate with a delamination, shown in Figure 1. Take the plane with the 
delamination as the x-y plane. There are N u layers with z>0 and N L layers with z<0, which are called 
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the upper part and the lower pan of the plate, respectively 

The linear disc™ layer mo*, is used, i.e„ each layer is considered as a Mindlin plate. For the i* 
layer (i-U. N u , 1,2,... .N L ), the displacements are: 

u (x,y,z) = Uj.j(x,y) + 0j(x,y) (z ; + itj) 


u o(x,y) + X ‘mYxm - h i w x + Zj (Y x i* w x) 

m=l 

vVx.y.z) = Vj.jCx.y) + ^(x.y) ( Zi +1 g 

= v o(x,y) + X l m Y ym - hj w y + Zj (y .-w ) 

m=l J 


w (x,y,z) = w(x,y) 

where It j I is the thickness of the i* laminate, and 


t m* 


{ 


m <i 


i* 


hi-t t 


m =i 


m=1 


( 1 ) 


( 2 ) 


(3) 


i-i. Vi are the in-plane displacements of the lower surface when the i* layer belongs to the 

r- r 

P splacements u 0 and v 0 are the in-plane displacements of the x-y plane.?* and Y vi are the 

shearing strains y„ and Yyx of the i“> layer. yl 

is SCtll!” , 1 !' "* d " - -d the x-axis 

y I ne equations relating stresses and 


axis and the x-axis 


strains are 


*y / i 


=Nt 


M = M; 

x yzy i 


yzy i 


The potential energies of the upper pan and lower pan of the laminated plate 


are 
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& 


{e)i+MjD s ]iMi >dxdyd2 


V ^J <W'>4 

-p^|| <(W! T [N] i (W))dxdy-Tl ‘ 1 

0 L = ^I f ({e)jD e ] i {e} i + W[p.]iMi) dxd y dz 


( 4 ) 


i=i 


-Pf-lf « W ') T t N li {W ' ))dXdy 


+ T^ 


(5) 


where 


{W'} = 


w x 

Ww 


[N]j = 


N. 

i 

N 


N 


xy 


xy 

N 


yji 


matrix of resultant forces. Because of the 


p is the scaling parameter of the load and [N]j is the ^ the work done by the 

- «• — p.«. 

Applying the principle of minimum potential energy w vv 


respectively, we obtain 


80 

80 


U m 0 
L =0 


( 6 ) 

(7) 


3 The FEM and The Asymptotic Method 

The analysis is earned ou. by a combination of ihe finite eienten, and asytnpiodc expansion methods. 
For details, please see References [10] and [11]. 

4 Results and Discussion 

In this section, we study the ^nS"de"!on. 

load Of a iandnated piate. Hereafter, the isymbo// „ thc oo.iayer and 

For example, (0°//90°/45°) means a (0 /9 / P - on at a d i stanC e of H/5 below its top 

the 90°-layer, (0°//0°4) means an [soffopic p ate w^ a orthortropic, are considered. The 

surface. Two different materials of laminates, one isotropic, 

material properties are _ nnj ,,x V i2 = 0.3 

M-l E 1 /E 2 = 1 G12-GO-025E2 ' 022 = 0.2E2 V12-0.25 

M - 2 , ££ a^square piate^h^— is considered. ^repressive ioad p, in the x 

direction, is appUed along the edges x= ± U2 of the plate, e H/L . 
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Table 1 Buckling Load \= p/E e 2 (s.s.) Three different delamination 

-- — --— shapes, a square, a circle, and a 

_ Square Qrcle E 1 Ii P se ellipse, of equal area ( 7 tL 2 /l 6 ) 

j 6~7893 7 - 7 QI/)Q - considered here. In each case, 

M-l 2 11 480 11 447 i 6 7 9 iao the center of the delamination is 

mm 3 liw* !,« 0 . 15 908* coincident with that of the plate. 

. * 1 j.vuo For the case of symmetric 

m-2 i Util . Jfjifr 

( 450 // 450 ) 3 48 . 147 * 50 510 53 93 detoinadon), Ac first buckling 

__ ou.otu 38.931 mode does not open, while for a 

--plate with an unsymmetric delami- 

~ nation, the first buckling mode 

2 C Buckling Load X= p/E e 2 opens up, but both the upper and 

delamination Square Circle Fi lin „- JP wer pai \ s . of P late deflect in 

_shape__ 4 u rcie ellipse the same direction. For the sym- 

s.s" 15152 34848- TZoW me ? C C f e> the opening buckling 

M-l c. 6 2256 1'i™ mode, shown in Figure 2, may 

___ 6 - 2160 6.7328 occur in the second or third mode. 

s.s. 19 472 ioToo* 77777 In Table 1 , the numbers with *'s 

M-2 c. 30!446 31 770 41‘^78 are the critical loads for the modes 

• //u 41.278 which open up, for a symmetric 

hiirHina f :----- case - Figure 3 shows the first 

Ducicimg mode for a (non - symmetric) M-2 material plate (0O/90O//0o/9 0 o/0O) with a 

t 0WS ,,‘ h ^ 'f C ‘, 0f lhe Shape ° f lhe delamina,ion on buckling load. For M-l. the plate is 

>S Simply supponed - «* -P. ofTdeSnan“n a 

sasast s 

The effect of the delamination position on the buckling load is shown in Fifmre 6 A mo//no^ 
.tnply supponed squa^plate with a squa. delantination is JL*2lES£5S3& dffi £2 

tk ‘ h . Flgur ^ 6 ’ can see that Ae position only moderately affects the buckling load 


Buckling Load X= p/E e 2 (s.s.) 


Mode No. Square 


M-l 

( 0 °// 0 °) 


6.7893 

11.480 

12.748* 


Circle 

"7.0528 

11,447 

11.530* 


Ellipse 

6.9149 

12.442 

15.908* 


1 

M-2 2 

(45°//45°) 3 


27.028 

47.195 

48.147* 


27.426 

41.093* 

50.510 


28.482 

48.451* 

58.931 


Table 2 

delamination 

_shape_ 

s.s. 
M-l c. 


Buckling Load X= p/E e 2 


Square 

3.5152 

6.2256 


Circle 

3.4848 

6.2160 


Ellipse 

3.4928 

6.7328 


s.s. 

M-2 c. 


19.472 

30.446 


19.529 

31.770 


19.689 

41.278 
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Figure 1 Coordinate system and geometrical parameters 

of the laminated plate 


Figure 2 

Cross-section of the lowest opening buckling mode 
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ABSTRACT 


Finite element algorithms have been developed to analyte linear anisotropic viscoelastic plates, with or without 
holes, subjected to mechanical (bending, tension), temperature and hygrothermal loadings. The analysis is based 
on Laplace transforms rather than direct time integrations in order to improve the accuracy of results and save 
extensive computational time and storage. The time dependent displacement fields in the transverse direction for 
the cross ply and angle ply laminates are calculated and the stacking sequence effects of the laminates are discussed 
in detail. Creep responses for the plates with or without a circular hole are also studied. The numerical results 
compare favorably with analytical solutions, i.e. within 1.8% for bending and HT 3 % for tension. The tension 
results of the present method are compared with those using the direct time integration scheme. 

1. INTRODUCTION 


Advanced composite laminates are used in atmospheric and space flight vehicles in order to improve perfor¬ 
mance by substantial structural weight savings. The polymer matrix exhibits degradation of material mechanical 
properties when exposed to hygrothermal environment and the hygrothermal expansion induces residual stresses 
in a composite laminate which may result in delamination and subsequent structural failures [l, 2j. Therefore, 
time dependent analyses of polymer composite structures are required to predict structural lifetimes under short 
and long term loading, mandating anisotropic viscoelastic analyses. The linear thermo-viscoelastic theory for 
anisotropic nonhomogeneous materials whose stress-strain relations are expressed by hereditary integrals has been 
formulated by Hilton and Dong [3]. Finite element methods (FEM) are the most powerful tool for the analysis 
of complicated systems. However solving time dependent problems using FEM is difficult and requires enormous 
computational time and memory storage, since the constitutive law for linear viscoelastic materials is described 
by hereditary integrals or fractional differential operators as developed by Rogers [4j. Numerical procedures for 
the analysis of viscoelastic boundary value problems have been proposed [5-8|. Taylor ct &l. [6] developed a finite 
element procedure to analyse isotropic linear viscoelastic solids undergoing mechanical and thermal deformations. 
The integration of the governing equations is performed step by step using a finite difference recurrence relationship 
for approximate calculations of displacement derivatives. This method requires storage of only the previous time 
solution instead of all the solutions throughout the loading time history. Srinatha et al. [7] suggested a similar nu¬ 
merical procedure for an isotropic material and applied it to solve plane problems using the trapezoidal integration 
method previously developed by Zak [5] to evaluate integral equations. However, the accuracy of the direct integra¬ 
tion scheme primarily depends upon the size of the time step At. Moreover since the solutions of rate dependent 
problems at the present time are affected by the previous solutions, numerical errors may be accumulated through¬ 
out the time history and such error accumulations are described in [6,8]. If the value of time step is decreased in 
order to obtain better approximations, the number of iterations will be augmented and the computational time 
will be significantly increased. Use of the direct integration method for long-term predictions of time dependent 
dimensional changes and stresses in composite structures may require huge amounts of computational time. 

In the present study, a numerical algorithm is developed for the efficient analysis of time dependent deforma¬ 
tions and stresses in linear viscoelastic composite materials which are subjected to mechanical, temperature and 
hygrothermal loadings. For time dependent temperatures and/or moisture contents, the hereditary time integrals 
are not convolution ones and approximate elastic-viscoelastic analogies [9,10] have been developed allowing the use 
of Laplace or Fourier transforms. In the present analysis the FEM equations are formulated in real time and then 
converted to reduced times, thereby not requiring the above approximate formulations. The Laplace transform 
technique is adopted to improve the accuracy of solutions, to save expensive computational time and to reduce the 
tedious formulation of numerical procedures. 


1 Research supported by a grant from the IBM Palo Alto Scientific Center 

2 Professor of Aeronautical and Astronautical Engineering 
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2. ANALYTICAL FORMULATION 

t.l Conrnin, for Linn, Tinrmn-VunnlMi, Cnmpn.it, Pint,, 

rU„ « bt “Cup, *—■* —• 


O' 


(T, M, x, t) - C ilkt (T, M, t, r)i-[ ew (x, r) - ej,(x, r)] dr 


- ( 1 ) 

The'coefficien^oThy^othermarexpansion^ ^e^utd ^^ hygr ° the ™ a1 '**»■ -Pectively. 

The free hygrothermal strains c‘. may then be expressed as ^ tUne ’ temperature ™ d moisture. 


€ ij ~ a ij&T + fiij-AM 


( 2 ) 


where or* and Ay are respectively thermal and hygroscopic expansion coefficients and A77x . j * , r , - 

the temperature and moisture changes related to an unstressed reference state F * ’ ! ' ? AA/ ( x > t ) «*» 

materials [3,12], the relaxation moduU can be represented in the fonn ' thermorheolo « ic ^y simple 

Cijki(T, M, t) = C i}kl [T r , M r , ( ijki (x,t)J 

functions in the foUowin^mlnner" 6110 * C ° ndltl ° nS a " d th * U ’ u are reduced time *. which are related to the shift 


Sijki(x,t) - aiju (T(x, r), M(x, r)) dr 


(4) 

The introduction of these reduced times chance liv,- /<*\ * . .. 

derivatives in the field equations take on new definitions, i.e. ^ ° n< * ^ th * ? plan *’ howev « r * 


(4r). - (4r),♦&),(*). 


(5) 

^^m t ^ed. d The^resen^t a me*h^ m avolds's^i , {dtfalLrby detiT th * "f ‘ functio “ “ to « experimentally 

* «*, relaxation *1 ST? D? 

tune independent since the xj-direction is dominated by the fiben All <• • J‘ TJi moduIua Clui “ aMum «d 

10 ^ * 0 "" «” “ «■» «■«»«.» moduli iu uJ " “ d 


N 


4 T 

= Cf }k[ + ^ C? )kl exp(-f/A p ) 

p=i 


( 0 ) 


where the constants A p are relaxation times, N is the number of term. f nr »k • 

must be time independent and symmetric. The stre^Ta^ “ d 


L 


(7) 


with X are the laminate coordinates and C i)ki are the moduli in X - f plane. 

** A Variational Formulation for Thermo- Viecoelaetie Problem, 

Ihe variational functional for linear thermo-viscoel«Hr l . 

absence of body forces, its first variation is P en “ h “ ^ glven by Gurtin I 17 ] and in the 

** = L /=-oo /=-» CiMT ’ M ' *• *• r )£:{ f 0(X.r)-?- (X,r)}dr 
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jy _ f r ‘ n i(t - a ) dSUi ^ ,9 ) -ds dSr = 0 

3s J5 r «/«=-oo 


( 8 ) 


where V is the vohime of viscoelastic solid, S T is the surface on which tractions 0. are applied and u< are the dis¬ 
placements. This relation forms the basis of finite element linear viscoelastic boundary value problem formulations. 

£ S Finite Element Formulation Using Integral Transforms 

Using the aforementioned variation principles, the finite element equilibrium equations for linear viscoelastic 

solids are obtained in the real time domain. Then substitution of Eq. (4) and (6) into those equilibrium equations 

and taking the Laplace transform result in a system of algebraic equations 


[ K° n + K*sf(s) ]U„($) — ^m(s) + (*) 


(91 


m 

In the above, K^ n and K^n axe the global stiffness matrices, U n is the global vector of nodal displacements, F m 
and F* h are L T*"of global nodal force vectors due to applied tractions and hygrothermal gradients respectively 
and f(s) is the L.T. of the exponential functions in Eq. (6). It should be noted that Eq. (9) is identical to the 
equivalent elastic problem except for the equivalent viscoelastic moduli [12]. One approach to solving the above 
system is to carry out an orthogonal transformation which simultaneously diagonalises the two real symmetric 
matrices: K^ n and K^„. Once the nodal displacements are determined from (10) in the Laplace space, they 
can be transformed ba”k into real time at selected nodes where critical conditions of interest occur thus savmg 
additional computational time. If the loading functions are provided in analytic forms, the partial-fraction method 
produces excellent results. Even if those forces are given numerically, diverse Laplace transform and numerical 
L.T. inversion techniques are available [18-21], In Ref. 21, eight numerical algorithms of the Laplace transform 
inversion methods are compared against each other. The study shows that Schapery’s collocation method [18] and 
Becker’s multidata method [19] provide good results for non-oscillatory functions of time with less computer time 
and that Durbin’s inversion method [20] based on fast Fourier sine-cosine transformations yields accurate results 
for the oscillatory time functions, but at the expense of much computing time. 


3. NUMERICAL RESULTS 


3.1 Anisotropic Plate Bending Studies 

Consider a thin composite laminate with symmetry in both geometry and material properties about the 
middle plane and subjected to bending moments and lateral loading and assume the Kirchhoff hypotheses. Two 
studies were conducted to verify the viscoelastic finite element program VBEND [10] which are developed to analyse 
viscoelastic bending responses of composite plates. The first study concentrates on elastic results and the second 
focuses on time dependent solutions. The dimensions of the composite laminate are 100 in x 100 in and the 
thickness of the plate is 1 in. A total of 128 elements and 243 degrees of freedom are used for these studies. At 
time t=0, the viscoelastic finite element solutions are compared with the corresponding elastic results presented 
in Ref 22 for composite laminates with fully clamped edges. The elastic orthotropic material properties of the 
composite lamina are E u = 10 7 psi, E 22 = 10 a psi, i/ 12 = 0.3, and G n = 0.25 x 10* psi [22]. The laminate is 
subjected to uniformly distributed loading p = 0.02 psi. The maximum deflections at the center of the laminates 
are compared with those of [22] for various orientation of the principal orthotropic material axes with respect 
to the laminate axes. As shown in Fig. 1, at time t=0, the viscoelastic finite element solutions agree very well 
within 3% with the elastic solutions of [22]. In the second study, viscoelastic finite element solutions calculated by 
VBEND [10] are compared with analytic results evaluated by the viscoelastic-elastic analogy [3]. Time dependent 
deflections for a simply-supported composite plate subjected to the same load as the first example are considered. 
The elastic anisotropic bending stiffnesses of the laminate are Dmjj/Ouu = 1, (-£>1133 + 2Di3ia)/Pim = 1.5, 
and Dull/Dun = D 22 i 2 /Dnn = --5. Using the viscoelastic-elastic analogy, the maximum time dependent 
deflections for the anisotropic plate with the above flexural stiffnesses, simply supported along all the edges and 
subjected to a uniformly distributed loading p(i) can be expressed in the Laplace domain as[3,20] 


W max (s) = 


0.00452 a 4 p(s) 
Cnu( J ) 



where ~ denote the Laplace transform. Temperature shift factor is equal to one and the time function for all the 
flexural stiffnesses Diju is taken as 



= 6.698 x 10 -3 


+ 0.93302 • exp(—t /1 
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-~xa-Mr tss sssiirtr r““ - 

•ymmetnc crow and angle ply laminate, such as ( 0fi /90,) fo/WU / \* JTT* f ° r wio,u 

“ d (»/-»).. « calculated. In these studies the ela.tic’^Z ^ 7 1 ’ ( "/ ~ 45 >“' ( 30 */ - 30,)., 

the lamina are also the same as those used for the first verifies*' 7a "to** 1 *^ pro P* rt ‘ es tie dimensions of 
20 plies were used. The time 1777™ ° f * 1 “* a - - «d 

a. tune mdependent since E n and , 12 are not sensitive to time a. ^ ^ 

observed at the center of plates for all the cases The maxim,,™ 1 • , , Th * maxunum deflections are 

laminates are displayed in Fig. 3 as function, of time At time for the (0 6 /90 6 ). and (0/90)*. 

the (0 6 /90,). and (0/90),. lambates is 0.04546 in. The maximum defl* maXU " um deflectlon tabulated for both 
23% after 2 x 10 " second, while the relaxation moduli such as C Ilr w' 71 ‘bout 

the same tune period. The numerical results show that the maxim,m A ? ” * “ d Cl81 *W degrade 93.3% for 
under the lateral uniform loading are not affected by the stacking * ** 0 °* ° F Bymmetldc croM ply laminates 
laminate has significant influenc! on the ^tlns o^aL^ th * ~q«»« of the 

of viscoelastic maximum deflections of the ( 45 s / - 45 ) , amin t * P,y laminate *- Comparisons 

maximum transverse displacement, of the 4 - £ ‘ " 1 ^ ~ 

in Fig. 4. At time t= 0 , the values calculator the m«Tum d 7 *" ^7°“ ° f ‘ h * ^ ~ «)».. *Wn 

“d (45/ - 45),. laminates are 0.03212 in and 0 027^1T displacements in X 3 direction of the (45,/ - 45,). 

7 e “ ot€ that ‘be flexural stiffnesses Z> ma and D^Lti^S , C “ ** readiJy exp,aijled « 
(45/ - 45 ) 5 , laminate and the exact elastic maximum A fl »• & u 4 * 6 * amuiate m «maller than those for the 

and Dui 2 terms are larger than specially orthotropic wluTion cdcul^d bylT *7”*?* 20 bc,adb S ‘be D u „ 
The maximum deflection of the / 45 c/ ak \ ? a c d by ignoring those twist coupling terms 

- “* <«/ - z^i :jt %:rrjr T ,t r r 2 x io< — 

r d<pk “ a “ n»- • -bid. .ho.. ,h« ,h. m„ " “ “". |30t/ ; *>■>; “ a (30/ - 30),. Umm«. 

(30/ 30)., lammste. menu. by 26% 40 <1 15 % rwpMtively. * m4xon,, m .action, of the (30./ - 10 ;), and 

S.£ Plane Stress Anisotropic Plate Studies 

.03 H- denial. Tb, 

method and the present results are compared with the anal t' 1006 CV k U * ted by Rcf> 8 U8in ^ th « direct integration 
for the classical lamination theory At the 75 * F °“ M fr ° m the v «oal«tic-elastk analogy 

f«r 1= ° » d ^ su sr —-«.« 5 

(45/ - 45), laminate are given in Table 1 At t-n i * P ^ cree * > recov «ry responses in the 

oodytic J Ref. . i. « J'~T lta « ““*>*■• ef.e. 2, b.„, .be 

*nd the dir«t mtegr.tion method is conducted osini tb. —T* ,r * n * fo ™“* <> “ method 

rmolt. for tbme c«, „ d lll0 „ cdcoletrf by T!"' ““ ( A ‘ » 2<» „d 1000 me.) Tb, 

eilelogy me d.picted in Fig. «. Eecellent .jr.ement i.obuio^d w" “ 4 ** * l " •'••tie-vimo.lutie 

method and the analytic one. ^ between creep results evaluated using the present 


Time (hrs] 
0 
24 
46 


Table 1. Comparison for Creep Strains 


Ref. 8 
0.564xl0~ 3 
0.625xl0 -3 
0.607x10“ 4 


Present 
0.564xl0~ 3 
0.60Sxl0 -3 
0.636x10" 4 


Analytic Solution 
0.564xl0 -3 
0.605xl0 -3 
_0.636x10- 4 


amplitude of fading iT 10^^^^'thTo^ttbTtempt' ,oadin fl a « *b» studied. The maximum 

•train amplitude, in the (45/ - 45). laminate, are given b ri^ “ tt “ “ ^ F “ d 16 °° F ‘ 71 e maximum 

same frequency, the maximum strab amplitudes at T = 160° F ™ i r ** P *^ t 40 th * drivbg frequencies. At the 
equilibrium at about w = 10~ 13 t*™™. » , 1*0 F are larger than those at T « 122* F and reset, 

- ^ observed b these reL./ ^ behavior, in the vbcoelastic comp“ Jcl 
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Creep responses for composite plates with a circular hole are evaluated for viscoelastic GY70/339 composite 
material properties given in [15] and for laminations of (0/90), and (45/ - 45),. The dimensions of a p ate is in 
x 4 in and the diameter of the hole is .25 in. 650 degrees of freedom were used. The finite element mesh pattern is 
depicted in Fig. 8 and for operating temperature, are 75° F and 122* F, a uniaxial tensile stress of a m = 5 P« was 
uniformly applied along the edge of the plate. The circumferential creep strains around the hole m (0/90), and 
145/ - 45) laminates are plotted in Fig. 9 and Fig. 10. Maximum circumferential creep .trams occur at the 90 
angular position in both plates. At t = 0, the strains at p = 90“ are 1.725 x 10- for (0/90), and 4.034 x UT for 
(45/ - 45) Creep strains for (0/90), laminate increase about 10.6 % at 75° F and 19.7% at 122 F for the 1 year 
period while those in (45/ - 45), plate increase 22.8% at 75° F and 44.2% at 122° F for the same time period. At 
V = 42° the strains in (45/ - 45), laminate and at <p = 0° for the (0/90), laminate remain time independent. 

a. CONCLUSIONS 


Viscoelastic bending and stretching responses of polymer matrix composites have been evaluated using the 
finite element method and Laplace transform technique. Verification studies show that the L.T. results agree 
well with the analytical ones. Plate bending time dependent displacement fields in the transverse direction for 
simply supported square composite laminate, have been computed. It is observed that the stacking sequence of the 
laminates significantly affects the time dependent displacement field for symmetric angle ply laminates. Maximum 
strains are obtained at <p = 90 6 for both GY70/339 (0/90). and (45/ - 45), laminates. The rate of change of creep 
in (0/90), laminate is smaller than that in (45/—45), laminate for tensile loads. The present method can be readily 
applied to any viscoelastic boundary value problems with complex geometries. The advantages of this algorithm 
as compared with the direct integration method is accuracy, saving of large amounts of computational time for the 
analysis of long time behavior and the significant reduction of labor for numerical procedures and programming. 
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Fie. 5 Time dependent max. bending deflections of 
simply supported (30/-30)6, and OO^-SOs). laminate. 




log(o») 

Fig. 7 Max. strain amplitudes of (45^-45), graphite/epoxy 
laminate va frequency. 



X 

Fig. 8 Finite elmentmesh for GY70/339 composite 
plate with a circular hole 
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Fig. 9 Circumferential creep around a hole in 
GY70/339 (0/90)* laminate 



Fig. 10 Circumferential creep around a hole in 
GY70/339 (45/-45)e laminate 
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Abstract 

clos^-loo^^igen^ah^and^th^efficfency^f'^he^d^ 111 ^ f °™ ukted constraints on the 

approach is illustrated by desi-niplheACOSS Sy **T Th f feasibilil ‘y of the 

and improving the efficiency OTdCT ^ 

1. Introduction 

fraction of the 11 total control'p^owe^exD^nded™ 1S f " ondimensio "a 1 parameter which indicates the 
The balance of wSrf J * fini te-dimensional system. 

towards the control objectives In References 1 and ? it h^k dyn ^ mics servm g no useful purpose 
efficiency can be used to address a nr ni W^f ? : haS been dem onstrated that the concept of 

systems such as the spillover effects, selectior^o/a ennrf 8 en ® ou “ tered ‘i 1 control of dynamic 

reduced order control models 4n important asnprt nf tk c ° n . ro ^ er configuration and obtaining 

system is that the behavior of the full-order system ran*h a efficie f ncy approach to structure-control 

design model without any knowledge of the truncated ascertained based on the reduced-order 

the control power lost efficiency 

the total control power expended via the r .i,„ ja y not s f r Y m S the purpose of control, to 
physical system. P ed '■» the reduced-order control design model on the full-order 

and T 4)' A b varfety of objeld^^dToSaln^cLTh " V“‘ ,idbiciplinary (Refs. 3 

subsystem-levels (structure or control subsystems! m h prop< ? sed both at the system-level and 
the problem. For obvious reasons an ultimate r>k‘ »*° r nng about 311 in terdisciplinary study of 

mass structure subject to structural and/or com™! lystem'cons'lSu*' 1 '' 5 “ “ W * minimum 

must be e Vo f \X e ve n Wg 0 rp°owe"r g effid^Jtt^c^'l^ a . high ^T^T 1 S ' St ™ 

jectives and constraints £. ^, 1.2 ° f “ c ? n, /°' system whlle satisfying the control ob- 
reference 4. this paper brings on the power^hTpttme" 

2. Efficiency Modes of a Structure-Control System 

Consider an .V'* order FEM evaluation model of the structural system 

M ? + E? + K, = D/(t) (l) 

nodald'^i^ ^ ^ ^ mass ’ stlf f n ess and input influence matrices, yftj j s the vector of 
tnuadottrco^ertd C ° mr0i ' he deSCrib ' d by (»• -fuced-ordetmodal state-space 

i = Ax + Bf(t) 


? = hi ric ] T 


( 2 ) 
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where rj c are the n < N structural modes controlled. Hence, considering the structural model 
problem associated with (1) and denoting the orthonormalized modal matrix $ of the full order 

evaluation model we have 


q = $77 = 







where R denotes truncated structural modes. The modal-state space system of (2) is the reduced 
2n th order control design model. The A. and B matrices have the form 



0 

1 

—u; 3 

—2 fw 




where u> 2 = diag [wp.-.w,,] with u r a natural frequency and I is the n th order identity matrix. 

Due to any arbitrary input f(t) the control power associated with the input on the actual 
full-order evaluation system (1) is given by the integral 


S R = j / r D r M _1 D/dt (6a) 

The portion of this total expended power on the actual physical system that is projected onto 
reduced-order dynamic system represented by (2) is 

S? = j f T B T Bfdt (66) 


We refer to S R as the real (total) control power expended and as the modal control power 
expended on the modal control design model. One has (Ref. 1) 

S R > S$? (7) 


and the control power wasted to the truncated dynamics is 


5 m _ oR C m 

u — 



The model input power efficiency is defined as 




x 100 



with a maximum possible efficiency of 100%. 

Associated with c, a power quotient can be defined as 

Sq% = || x 100 = (1 - e) x 100 ' (10) 

We note that while Sq is indicative of a quantity for the reduced control design model through 

the appearance of the B matrix. S R is a quantity for the evaluation model through the appearance 
of the mass matrix M. This observation establishes that the model efficiency relates the power 
performance of the full-order evaluation model of the actual physical system. Most importantly 
the definition of model efficiency is valid regardless of the specific functional dependence of the 
input field f (t) which is the physical input to the real system. For example, it does not matter 

from the po'int of definition whether f(t) is a control input or not. 
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state-feedbacks the"’reduced^o'mro! (g“ !yS " m h “ the functioM] form of the 


/ = -Gi 


111) 


be h s e ho e wn LV^^r 1 COntr01 fCedbaCk gain ^ of dimension m x 2 », then it can 

R 5 ~ ?tP s ™ = ?o p r? 0 , x 0 = x(t 9 ) ^ 12 j 

matrices, respectively. They°are tfiesokUo^s of C the^ M ^ and m ° dal contro1 Power 
closed-loop control system e Lyapunov equations associated with the 


Ae/P* + P R Aci + GD r M ! DG = 0 
Ac/Pc” + Pc™A* + GB r BG =0 , 

(14) 

Act = A + BG , v 

m^r:^ - **-«-**■> 

mode,. It Mows that, for a stable strLure-SS 


‘ gP*il ( 16 ) 

the structure and co/trof s^e^p^ametersTirie^onf 8 tT ^ initial disturban ce state and 
Equations (13, 14). As simple as definition (16) of effici*>Tirv e f P +ir er matr ‘ ces v > a the Lyapunov 
a host of internal information about the working of the *tr° syst f m a PP ears > >t does hold 
characterizing the control/structure interactions uniquely ^ we outline below SyStem tWeby 

represents a Ravleigh^q^ ™ie^ the efficiency quotient (16) essentially 

matrices (Ref. 2) q Consider the eigenvalue problem associated with the power 

P^f. = i - i *> o 

* * 2) • • • j 2n (\ 7 \ 

where A* and t, are defined as the i* h charaetarUti,. ' 

mode, respectively. The eigenvector t- is alf n a ®'ciency a n d the i* h controller efficiency 
Introducing the efficiency modal matrix T: rre l ° 85 tbe P r ' nc ipal controller direction. 


_ ?»P e 1 !, 
- 


r — {<i *2 •.. 1 2„) 

the following orthonormality relations can be stated 


( 18 ) 


T r P*T = I 


2nx2m T t P™T = A' 


where 


A* = diag [ A* A* ... AfJ, A J < ... < A5„ < l 


(19) 


^J.°^e tb alue°of the S qm>tien^ y (16^ b i^ brTcSedbv VCCt ° r (initial disturbance site) 


A ‘ < * < A$„ < 1 


( 21 ) 
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the initial state X 0 . 

3. Optimization Problem Formulation 

In the design of structural-control systems it is natural to strive for a high modal efficiency 
r * disturbance The consequence is that a high efficiency of any gi en 

constraints: . (23) 

w, > w, ' > 


e% > e*% 


(24) 


where „ is the eta.^d-.oop 

'TTV* ^itleZ thedL«urb»« Which is affected by the structural 
by a constraint on the fundamental efficiency 


A^ > e* 


(25) 


where sensitivity of A; depends only on the sy stemmatrices viat the I>roblem 

(17). Hence, we solve the optimization problem subject to the constraint ( ) 11 

Sensitivities 

The sensitivity expressions for the objective function and the frequencies w t - a* exactly the 
same as given in Ref. (4) where it is assumed that the control gam matrix G is the s ea Y”* 
solution of the 2 n th order matrix Riccati equation associated with the minimization of the Control 
Design Performance Index (CDPI) 


oc 

CDPI = j (x r Qx +/ r R/) dt 


(26) 


The only new sensitivity that is required here is the 

efficient A* From the controller efficiency eigenvalue problem (17), noting that P c and P are 
symmetric positive definite, efficiency AJ sensitivities are 

Ay = tj (P™, - AfP J) U i = 1 ,2 ,..., 2n (27) 

where l denotes partial derivative with respect to the I th design variable. 

The sensitivities of the control power matrices are obtained from the Lyapunov equations 
(13. T 14). Similar to the results of Ref. (4, 5). one obtains the following Lyapunov sensitivi > 

eqUati ° nS: A r Pz + P , Ac/ = -Q, P = P«orP?> (28) 


where 


Q j = Q,( + PA f /./ f AltjP 


(29) 
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Q,/ = (GD 7 ^- 1 ©) { for P = P* (30) 

Q,i=(GB t BG) [ forP = P c "* (31) 

t :^r Si,iViti “ A ‘ G -'' *•'*«- « ■«*> ®’ ven in Ref. (4). The sensitivity 


of M" 1 is obtained from 


M; 1 = 


(32) 


4. Illustrative Example: 

The ACOSS-FOUR structure shown in Fig. 1 was used to design a minimum weieht struct, 
with constraints on the closed-loop eigenvalues and the efficiency oaram^tprs Thi« , 

i • . ^ . . | °ur masses of two units each attached at nodes 1 through^^^The 

uiSriRcf 4? n l the i laSt t ic / r0perties of t ] le stru c^re are specified in consistent nondimensional 
units (Ref 4). Six colocated actuators and sensors are in six bipods. The controls aDDroach used 

nnH n Z, <IU , ! ‘ dra - t ‘L reeUlat0r With ' 0nst ™ nt * ain fMdback ’ Th« weighting < matrices^for°the state 
and control variables were assumed to be equal to identity matrices 

to those efSiTfn Tahlp 1“ ^ ^ ig ? A wit \cross-sectional areas of the members equal 

analvTP^ witK t!! fi l K Th ‘ nominal design weighs 43.69 units . This structure was initially 
analyzed with the first eight structural modes controlled. y 

r„ <;n L h ,t b f St ¥L° cl ^ e . d " lo °P frequencies wj and u> 2 were found to be equal to 1.296 and 1 597 

0 407 Th^erJii 6 e * C1 ® ncy P arame ter A* associated with the nominal design was found to be 
0.407. The constraints imposed on the optimum design were as follows: 

uj\ > 0.9069 
uj 2 > 1.117 
X\ > 0.549 

constraints specified on the closed-loop frequencies are 0.7 times those of the nominal desien 
efficiei ?cy 1-35 times that of Design A. A constraint only on the efficiency would drive the 

hltnfSdTsien 8 Th^fnV77 UH ? S the °P timi . zation - Henc e, they were constrained to 70% of 
tne initial design. The initial design for optimization was Design A. The NEWSUMT-A software 

based on extended interior penalty function method with Newton’s method of unconstrained 

wehJhJof 4?fio^> SCd t0 °5 tam , an °P tim um design. After eight iterations the original structural 
weight of 43.69 units was reduced to 15.83 units. The optimum design was designated as Desien B 

I^cross-sectional areas of the members, square of the structural frequencies Sdtheclosed-loop 
damping associated with two designs are given in Table 1*3. ^ 

5. Concluding Remarks 

The concept of the efficiency of the structure-control system is used to desien an optimum 

impose7on T fhe S c!o.sPd r ]no We f ght 15 “ Sume ^ to u be objective function and the constraints are 
imposed on the closed-loop frequencies and the efficiency parameter. The illustrative examnlp 

£&*£ T *~ ro ' efflciencj '° f ,ha red “" d ■>«*“ ^ 
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Tabla 1. 

Croaa-Sactional 

i? 

a 

a 

a 


of tha Mambara 

Elamant No. 

Daaign A 

Daaign B 

1 

1000.0 

678.62 

2 

1000.0 

211.77 

3 

100.0 

48.83 

4 

100.0 

59.64 

5 

1000.0 

70.13 

€ 

1000.0 

357.89 

7 

100.0 

79.99 

8 

100.0 

118.58 

9 

100.0 

142.32 

10 

100.0 

32.87 

11 

100.0 

136.85 

12 

100.0 

43.18 

Haight 

43.69 

15.83 


• % 40.7 54.9 


Tabla 2. Structural Fraquanciaa ( u;) 


Tabla 3. Cloaad Loop Damping 


Moda Dasign A Daaign B 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 


1.68 

0.819 

2.55 

1.25 

7.31 

2.94 

7.52 

4.87 

9.98 

8.39 

16.06 

9.72 

20.01 

12.66 

20.17 

19.61 

66.24 

24.21 

77.46 

29.78 

97.42 

43.51 

151.30 

75.12 


Moda 

Daaign A 

Daaign B 

1 

0.0563 

0.0634 

2 

0.0674 

0.1147 

3 

0.0739 

0.9297 

4 

0.0805 

0.0791 

5 

0.0848 

0.1052 

6 

0.0866 

0.0939 

7 

0.0762 

0.0899 

8 

0.0718 

0.0715 


500 
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luncJamental problem facing controls-structures analysts is a means of determining the trade-offs 

c-r Develop r , a ng deSlgU ‘’"T*®!* C ° ntr °‘ dusign parameters in *>me particular performance 

dynamics and cont ^Pl^ation-based design methodology integrating the disciplines of structural 

ynarrucs and controls is a logical approach. The objective of this study is to develop such a method Classical 

tzzzz *"• T " e ,ir “‘ is 

sues are varied to mimmue structural mass, subject to open-loop frequency constraints. The next phase 

rr J f f ““ h 8 "'“ - ***** <“«« «*•!>>». The final phase i, 

"LXid r: couW b r ,u ' ib " ~ f ° r 

and coiurol smlm d ' " “‘ k ' f “" * dV “ U <“ ° f opportunities to tailor the structure 

ana control bysLern design as one system. 

The integrated optimization ad,erne used in this study is depicted iu ligure 1. An inner loop contains control 

“cZZ.ZZe «*"* ■>'»<*““ »»*>slopes, frequencies, and the system 

"* ““ d by lhc c ““ rol * value to, the actuator mass based on 

<1 q e. This actuator mass value is then used iu the structural analysis to regenerate the mode 

" d , ““ t “ m “ l,ix These iterations continue until the mass or the actuator converges 

touted T A JUVe 10 ‘ tSpnor v;llue ‘ 0,l ' c ;i converged value Tor actuator mass is generated, structural and 
Utrol gradients are estimated a. uncoupled partial derivative. The Generalized Sensitivity Equations use 

the uncoupled partial derivatives to approximate the appropriate coupled partial derivatives. These coupled 

partial derivatives are used by an optimizer to develop an optimal solution bead on design obieeti.J and 

remahTvahd tT T’l “* *« «» controls-structures analysis 

number of eye" am cl, Zed''''' “* “* “ J ***"• “ ~ « “*» * »'^",t,ed 


A derivative of the Earth Observing System (EOS) 


is used for optimization studies. The reference model 
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t .. u rr'*il world n unification Lluit can 

.. i • r o ThU model is an adequate representation ol a real won i 1 

is illustrated in figure 2 T sCructura l design variables and twelve control design 

-1;.: 

«“ (S ““ ClU ' C “ d " 1U “ U>r) 

while constraining vibration decay rate, that is. 


. r i ] while /£c{A «s] ^ ^ 

inill[YI'Wlualor + Y*4lruclur«J Wl 1 J 


where As are the system closed-loop eigenvalues. The performance question to be answered is whether 
structural mass can be traded for actuator mass. 

j . e i total mass of a spacecraft similar to the one under consideration 

Although with modern launch vehicles the otah ^ ^ play a key ro , e •, ll<e cntirc system 

would not constitute a critica esign > explicitly both a structural variable and a 

behavior. The actuator mass is the only design flllite element model 

control variable. Because the actuator mass is non-neghg.b e it * of compulillg actu . 

with the control of the eigensolution until the calculated 

ator mass req y .. . • n • u inner loop -• within the opt.muaLon “outer loop, 

actuator mass converges. The iteration is an uu v 

.... . „ , n( i plastic behavior are used in the control and structural analysis. Ihe 

1?==S5S=S=SS5 

spacecraft and suppress its vibration. 

TW. wheels will, bans-bang control slew lb. space,.ft du.urg allftmS “ d ' ““"‘““‘be 

T the streelere The model is slewed through cm. rutile roturiou. The m.»«uve, ,s considered to be 
f” , u <ml n an . u l.r displacement over a loug duration). In addition to the torque wheels used fo, the 

a -"d - m.. L collocated elastic controller, ere loe.ted in the bay. below the antenaa support.^ 

The modal represe'nt.tion of the eU.tr. responc. q. of the spacecraft due to the baug-baug maneu.e, aud 
the collocated elastic controllers is governed by the following equation of motion: 


q+ Dq+ A q = -'i/' r C p 'l>q - G,^q + t r M 


Modal damping and stiffness are D and A. respectively. The first two terms on the right s.de of the equation 

loJL the collocated elastic controller torques. These torques are proportional to the position gam, C pt 

and the rate gain, C„ and to the difference of mode slopes, *, at the two elastic control er locations. 11 

last term on the right-hand side of the equation above is due to the bang-bang control maneuver. is 
last term on tn g at lhe point where the bang-bang torque is being applied and to 

the'majpfttud^of the acc.l.r.Uon, M, produced b, the torque. A stute space repreentatiou of the system 

can be given as: T 

x = (q ,q) 

± = Ax + DM 


A = ^_ A _ 5,T^ r ^] [_D - * T G P ¥]) 
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in r : l;:. d j r ih * -- »— - ‘“11 ^ T „. **, 

*(0 = fl“ 1 [e' u — / \JJAI 0<l</,/ 2 

1(0 ' ' l 'V' - 2 ^“-" /, » + I]BU !,/2 < , < ,, 

i(() = 4-‘[^>- 2e -(,-„/ ! ) + e n(,-„| |wy (2/( 

difeeniial mode slop., aj ofu'' “ Pr “ Crib f <1 10 b « “« of gains, 

, fo, -* actuator is r.solt.d to ort.ogoL ^ 

U=-[C„^ G r *]x(t) 

Total mass, m. A , for both actuators is nronortim.il * • 

(“W.u-.w.tij,,*,) such that: maximum torque magnitude along each direction 

m * = 2mt(ui niiU + u 2ni|ix q. u 3||iax ) 

where rrit is a scaling factor for mass per unit torque. 

.llw r illuI‘ t 2 7 dIVr!L h “IIpIt' , '|' !l “‘ ie re * l> °“" ”°™’ M- Tl “ *«a»<le maneuver is a 10 second 
However, uli.ss T* **" “* « * -1 

““I s * Ul " history after ...d of tire ,„ m ZZ\ ““ ,*"f b " S 

peak response comes not at the end of the man >„ve, i , , “ , nt ' U ,S im P orta,,t to note that the 

P “ k " SP °"“ J “» Hie switching timebuVlIyXllrf'““ m ""' UV " 

Whrch modes s, fi u,licu„t “co'unb,I“ ™ d “ k “ "'““"X “> know 

or ignored, then the derived value of the actuator ,»• ii “ maJ ° r co “ tributor * «e truncated 

modes. As depicted in figure 4 the 1 “ 2 ! "7 f Um “ T to control the flexible 
modes. Figures 5 and 6 sL ° 7 ^ ^ ^ 25 

model, respectively. By omitting mode -'3 the necess X "T 1 ,' 011 W 2 ° a “ d 40 m0<les are us<?d m the 
what it should be. ’ C ° ntro1 tor£ > ue in x direction was only half of 

mini,7toIaTlIs 7lTa'.!“ in'figure t ***^, ™* **■ objccciv, of 

on the design is that the real part of all closed Iood 777 at tbc twel,th c y clt ‘- The constraint 

figure S, this constraint h sat.L after ^ ^ ^ ^ ^ ^ 

optimization problem. Thrstechn^uT tcontrol ^..alyshs integrated as a single 
variables to meet a performance objective. In rl > wl l 11 * ° * etWcea COiltr0 ^ variables and structural 
to depend on the modal representation of the ^ ^ ' Ubtraled tI,e actuat o | ' mass value was prescribed 

very important factor in determining the actuatorTnaT l" 101 ' 0 "' ^° dal S<i,CCtion haa becn sllow « to be a 

Aggregate results of the entire optimization loop have iiluTrUed tT WaS ^ a ^ ^ t0t - 

approach to meet performance objectives lnteeratimr the ,1 ‘ , f “ e(ftfCt,Ve,,ess of us »*g «ui integrated 

for ——- -. v,bie ~ 
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INTRODUCTION 

Subspace iteration has been a major advance in solving large eigen problems when onlv a 
subset of eigen-pairs is required. The essence of this method is a transformation from 

smalleTtMh ^rder d * T^ie S efpp^ T* eigensystem to generalized coordinates of a 

smaller q-th order. The eigenvalue problem is then solved in the reduced snaee Th#* 

method was firs, developed by Clin, and Jennings • for real synrnTeSc aysmSd 

a '" Ca , ' ed '“ rauo " " Hie success of the method prompted further research 

annrL?i! S K hn t and *5*? have been man y improved algorithms developed 2 - 3 This 
approach has been widely used by structural engineers for extracting the most useful 
natural frequencies and mode shapes of large-scale dynamic systems. 

. . Recently, the increasing importance of automated modification for dynamic svstem 

has brought on the interest in developing efficient method for compuXTe desfgn 
sensitivities of large scale dynamic system's eigen-parameters The^method fnr 
determination of eigenvalue derivatives is almost conclusive and'is ve™ rimnteand 

found r °i? Vard ' J hC real problem 311565 in calculating eigenvector derivatives which is 
t0 be mucb . more complicated. Fox and Kapoor’s pioneering work 4 in 1968 has 

etgentecto/deri f d " ect,ons for developing computational methods to calculate 

fir g st order^ LtS o{dls ™* systems. Their first approach was derived based on the 
first-order variation of a single eigenvalue equilibrium equation and its eigenvector mass 

normal,zatton cquattou. Thus, this requires only the spSfic eigenvalue“S e^vecm? 

and can be termed the direct approach. Nelson 5 presented a method in 1976 which 

mcthrvrk^ C3 at ^ on a,on g thls lin e and the method is well received as one of the best 

a n x^sero/cnimini 6 ? urposc : However> sinc e Nelson’s method still requires to solve 
an x n set of equations for each eigenvector, it becomes a costly process when the 

derivatives of a large number of eigenvectors, provided n is large, are demanded Fox and 

Kapoor s second approach employed modal space expansion concent whe?e the 

eigenvector derivative spans the entire modal space for the exact solution. They also 

proposed an approximated solution by spanning a subset of the modal space The former 

T P ' e ", “* ofe 'S'"-P^ which is prohibitively expensive foHargcsystmis’ 

Although the later only requires a relatively smaller set ofeigen-p^rs, the taSmtScOta 

of dgen-pairs ^ here'lee reCT and 1 “ stiI1 » ^guideline on^subS 
HnwAupr Z •, se ec l d , t0 approximate the exact with an acceptable tolerance 
However, if the derivatives of a large number of eigenvector is required this aDDroach mav 
become a preferred method owing to its simplicity in computation * PP h y 

This paper exploits into a new direction which is in the form of iterative process for 

multi-variable^ ^Th^mihof f V ii Ct ° r dc ^ a ! ive5 of man X eigenvectors with P respect to 
umr 5 ! .- Th f “ u y , use all the available information from preceding 

genvalue solution and, thus, effectively economizes computational efforts It iterates 

through two equations derived from the first variation of the two fundamental equations 
used in subspace iteration method. There is no expensive large ra^decomnostiion 
required and the process converges to acceptable solution in a finite number of iterations 
Therefore, the procedure increases its efficiency superiority over the othere ^ the sTsrem 
size or the number of interested eigenvectors become larger and larger. y 
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SUBSPACE ITERATION FOR EIGEN-PROBLEMS 


Suppose we are interested in extracting the lowest p, pen, eigenvalues and 
corresponding eigenvectors of a n-th order system, the solution to the reduced problem ca 

be written in matrix form 


KO = MOA 

where O is the modal matrix of nxp containing the required eigenvectors and A is a 
diagonal matrix of order p with the eigenvalues on its diagonal. Let us now consider 
shifted subspace iteration described by 

(K + crM)U** +1) = MU<*> (2) 

where <7 is a well chosen shift value and k = 1,2 .is the iteration counter. U» is a n xq 

lp<q<n) matrix and, provided, whose columns are M-orthonormal. Solving Eq.(2) yields 
U IM). The next step is using as projection vectors to project K and M into 

matrices of q x q and forms the reduced eigenvalue problem 


j£(*+Dq(*+i) - M (t+1) Q (t+1) A (i+1) 


where 


(3) 


(4) 


K<* +1 > = (u^ t+l) ) r KU** +1) 

M( fc+1 ) = (U t * +1) fMU t<:+1) (5) 

are q x q real symmetric matrices. The solution of the reduced eigen-problem of Eq.(3) 
yields A< k+1) and Q( k+1 K Then, for the next iteration, we shall use 


U(fc+1) _ jj<<:+1)q(*+1) 


( 6 ) 


To summarize and for simplification reasons, let 


and 

The two fundamental equations 
written as 


P = A + trl W 

W = OP' 1 (8) 

for the shifted subspace iteration at convergence can be 



(K + oM)W = MO 

(9) 


KP = MPA 

(10) 

where 

K = W r KW 

(ID 

and 

M = W r MW 

(12) 
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SUBSPACE ITERATION FOR EIGENVECTOR DERIVATIVES 

Assuming eigenvectors O are available and form an M-orthonormal basis ofnri' ■ , 

subspace of the oneramrc v cr.^ \/i 171131 Dasis °f/’•dimensional 

respect to design variables x = { Xy x^° xT h kaT™ 6firSt derivatives of <*> with 

in O are associated with simple eig^al^ o *t r *“ *" the eigenVeCtors 

respect to x. Since all the eigenvalues are simn^ h— °u Sdifferen tiable with 
respect to x can be uniquely determined. ^ ° lstinct » their first derivatives with 

design vSl^and’reS!^ng“ V eMs Ve °‘ b ° th S ' d ' S ofEqs <9) and 00) with respect to 


"> 3x i 3 Xj B Xj 

. 5m -w 3a 3k 

K-— M—A = p A + MP—. Zilp 


(13) 


& x j dxj dxj 


dxj dxj 


(14) 


where 


3k aw 7- 


dxj 

8M 

dxj 


dXj 

aw 7- 
a xj 


-KW + W^W + w r K aW 

d *j dxj 

MW + + W r M a ^ 

^ x j dxj 


(15) 


(16) 


e relation between — and — can also be derived form Eq.(8) that 

' ^ = ^ P + W 3P 


dxj dx, dx- (1 

pro^'stf rompuring eiglnlcaor'derivmile s COnS,ruct rcc “<™ce relations for an iterative 

derivatives 6 ^T® TT" “ “ S “ bSPaCe iKrad ° n “h'™ f<>r calcula,in * ^"vector 

vectotsbas^on the recunenc^relaricns ^improved the°appmtrimaric« and rtiU 

are ' ® the se ‘ of rn.t.al trial vectors. For k=l,2.the recurrence relations 


(17) 


where 


(K + o M)V ( * +1 > = f + 


F - ^Lis / 3K 

~ - ( ~ + )w 

° x j $ x j dxj 


(18) 


(19) 
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is constant throughout the itemuons. Solve for in Eq.(18) and employ Eqs.(15) and 
(16) to compute 


9K ( * ) _ V + W r KV ( * +1) + (W r KV (t+1) ) r 

dXj dXj 

+ W r MV ( * +1) + (W r MV ( * +l) ) T 
dxi 


( 20 ) 


( 21 ) 


Next, consider the following relation 

KD ( * +1) - MD (t+1) A = MP 


aA + aM < **' , pA _aK < ‘*' ) p 

dxj dxj dXj 


( 22 ) 


and solve for using a Nelson-like method. Then, for the nest iteration, we shall use 

the updated trial vectors 


vj,(* +1 ) = y(*+i)p + WD (t+1) 


(23) 


The iteration process converges, so that 

r (*+D 


(24) 


dxj 


CONVERGENCE RATE AND ITERATION VECTORS 

The ultimate rate of convergence of iteration vectors to the derivatives of the i th 

d<p/dxj is Xjx q+ 1 W here q is the number of the lowest eigenvectors usedin 
eigenvector, w j,is * * , wnc« h .. ired in order to achieve a good 

the iteration process. A large q , q>p, ^ i ffort within each iteration for 

convergence rate. But this also increases it can be 

eigenvectors at the second iteration. This implies that 

d(2, =[^: . . (25) 

S P^ «S-V need not be 

included in the subsequent iterations. 

.rial vJm^o"ng g dr“ 

for convenience, i.may be adequate to assign the 
initial trial vectors the null vectors, i.e., 'P =0. 
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(26) 


an overrhlaxed scheme 

convergence ch^cterisS oTthe subln^ 1 ^ 31 ' 0 " Can ^S^cantly improve the 
overrelaxation for the subspace iterations of eieerrv^i me / hod for eigenvalue analysis The 
version except ,o upd’ate X" •*“"» *' ™ts‘ 

“ X 7 ilS tr a ' ,en " S ^ » “MW vector 
' = ‘. q ■ ReftlTi "S '0 Bathe’s analysis «, we have 

a, =-1_ 

letting Simi ^ SUbs P a “ Ladves can be oven*,axed 

_ >J/( ° V(v (t+1 )p+WD^ +, ))L»E^>b 

the left ha^d side^fri^rEa^T^ W ? h diagonal elements «/,;=/ «. ^ 

eigenvalue problems Eq (9) the ’lil * S the S3me as that of its original eauatirf 
equation remain the same'^ Therefor^f^^t 11165 associa ted with the solution of 
the derivative vectors (5*2^^ vector is a trialVeaor ^ foronc^f 

°v = a, 

down. vectors have «JT 

T . . ery three iterations should be effective. 

required to obtain an acceVab^ 8) e an reduce the number of iterations 

solve for D(k+D in Eq.f22) can rf^ „ ] ° ther hand ’ the elimination of the 

Theoretically, the iteration process converges Xn^T^PTOches-td‘" MCh iteradon ’ 


[D]<~) = 



rap - 

|_ 

3A 


- a ^yj 

1 

- dx L 


(30) 


eigenvectors are ex^t TnTheca^ TuZ™ ^ the pr ° visio " *« the given lowest n 
& — * <° compute the ^ ^vtaT^th^ 


I 
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example problem 

The FE model of a power turbin^Wc. 
demonstrate the effectiveness of _ P comprising 231 grid points as shown in Fig.l. 
CeieSs'Ld^dedTnfo rows, from theVt to the dp, of 10 elements each. 

A single design variable is de&irf as a scale factor ^ ^^^computing the 

the fifth row from the root. The desien variable has been compared against that 

eigenvectorderivativesmethods have been 
°f kelson's .nwtood. Bo*Nel^ modifteadon to the previous DMAP 

^of NeWs S * has been done to improve its machine-dependent efficiency. 

Tables 1 and 2 summarize the tWPJsW^^ wafran otDECV AX/785-11 

of six and twelve eigenvectors, V- ^ standard VAX CPU seconds, 

and the CPU seconds shown in the Tables are the stanaara 

The convergence criterion for terminating the subspace iterations is based on the 

error norms defined by . (Jk o 

m -fr i nn 

1*M 

«*» H denotes the vector norm of any 

is used and the tolerance for q is set to be 5MU i 



Fig.l. Power turbine blade FE model 
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Table 1 Efficiency comparison for 6 modes 


BASIC SUBSPACE ITERATIONS 


RELAXED NELSON'S 



P*/q** 6/6 <5/12 12712 

No. of Iterations 12 5 5 

CPU seconds _ 539.7 _ 307.3 _ 494. 

* Number of iteration vectors after the first iteration. 

** Number of iteration vectors at the first iteration. 


6/1 

4 

244.5 


667.5 


Table 2. Efficiency comparison for 12 modes 



BASIC SUBSPACE ITERATIONS 


RELAXED NELSON'S 



. . 12/12 12/20 

No. of Iterations 16 7 

CPU seconds _ 1181.7 _ 622.1 _ 

* Number of iteration vectors after the first iteration. 
** Number of iteration vectors at the first iteration. 


20/21 

7 

1004. 


12/20 
6 

492.9 


CONCLUSIONS 

This paper has presented the basic and an overrelaxed subspace iteration methods 
for calculating eigenvector derivatives of general real eigen-systems. The solution 
gonthms have been implemented, and the results of a sample problem are reported. The 
basic formulation is directly derived from the equations of the basic subspace iterations for 
solving eigenvalue problems. The overrelaxation of the subspace iterations shares the 
result of Bathe's analysis for eigenvalue problem. This is due to the fact that the eigen- 
properties of the solution equations are the same for both purposes. In fact, since the 
placements of eigenvalues are known a priori, Bathe's overrelaxation formula can be easily 

employed without having the difficulty of estimating eigenvalues for the evaluation of the 
overrelaxation factors. 


The subspace iterations for eigenvector derivatives does not require the 
decomposition of a system-size matrix. Thus, this approach is desirable for very large 
systems where decomposition of the system matrix may cause spilling operation to occur 
which results in prohibitively high costs. Even for a moderately large system, as shown in 
example, the basic algorithm can achieve 20-50% reduction in CPU and the overrelaxation 
algorithm gains more than 60% of saving in CPU. Nevertheless, since Nelson’s method 
does not require much computational effort for additional design variables, the subspace 

iterations may loss its superiority over Nelson's method for sufficiently large number of 
design variables. 

In the normal circumstances, the convergence rate of this approach does not seem to 
be affected by the selection of initial trial vectors. The quality of the given eigenvectors 
may influence the convergence rate. However, it is worthy of mentioning that the coupled 
basic subspace iterations converge to the true eigenvector derivatives regardless of the 
quality of the eigenvectors provided. On the other hand, the accuracy of Nelson's results is 
directly determined by the quality of the eigenvectors used in calculation. 
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Abstract 

This paper discusses the framework of a ^str^ctural ajid aerodynamic constraints us- 
vironment to design aerospace structures un nroeram') ASTROS is a synthesis tool 

ine ASTROS (Automated Structural Optimization prog )_ b ca p a biUties are 

hidlt around t\ie NASTRAN finite element aerodynamic disci- 

discussed for synthesizing in the Editor/Bulk Data generator 

pUnes. A description of the two ^ d issues invo i ve d in hierarchical representa- 

and Post-processor is included. Expenences q{ abstraction are presented. A brief 

Introduction 

Today engineersmakeextensh*u«wdtddined algorithmic 

proc.du£-d {-**- »S3*£ & 

more complex, engineers axe s . tart ‘j 8 t0 rfc j tools . By applying the technology of Expert 
of implementing these sophisticated & of the ill-structured design knowledge 

f *vadoos 

In the past, several prototype knowledge based system, have been developed (or van 

aerospace and civil engineering structures. earliest expert systems, devd- 

SACON [1 (Structural Analysis Consultant) is one oi required for MARC 

oped for structural analysis. It recommSi,«t el PI developed 
which is a large general purpose *“‘ e1 “J ie SL t *i e 8 t o run an elastic, elasto-plastic, 

a similar consultant for MAR aT ia1vsis using beam, quadrilateral or bnck elements, 

creep, dynamic or large displacemen y witb three external algorithmic pro- 

Buckling Expert [3] integrates an ex P« r ^ , d a te i a tj 0 nal data base manager) using 
grams (an optimization code, an analy , PV i: nt i r ; ca i composite panels and shells. Hajela 
generic interface routines to design stiffened cylmdnol commit p element ana lysis 

f£ developed an expert system framework to aid the users min^ ^ gene ration, and 

program EAL which interfaces algorithmic procedure for structural anah 

yslHnd design with expert systems d^tWs. In the field of 
structural engineer to uutiaUy^ co | . , novice user to select an appropriate 

numerical structural optimization, EXADb lb]System). IDESIGN [7] used heuns- 
optimization strategy from ADS (Automated JJes g^_^ ^ infeasib le designs, choice of 
tical knowledge to identify active cons^ cl ^ sif . t ( .^ tion of prob i e ms as linear, nordinear etc. 
algorithm based on convergence i multidisciplinary aerospace structural design 

6 The impact of Knowledge Based Systems^ of s prototype Knowh 

is studied herein by discussing Ui* mmeworkan ^ blsed synthesis progrnm which 
edge Based System developed for ASTROS, a multidisciphnary knowledge in- 

“dude, both structurd end 'Xd“nd numeried optiriz.tion are discussed, 

volved in structural analysis, aerodynami 7 intellieent environment utilizing a menu 

^'STtrn ^di’e (Adlisor' JZ *°P^ toc TunTt^ew.A d CLIplTch“S I u.se 
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resented as faJts^and^redS ! Johnson Space Center. Knowledge is rep- 

engine. CLIPS provides high portability low rn«t W ^ em pl°ys a forward chaining inference 
An independent bulk-dat.sub-modulewkWnTheWv'sof^yr' 10 ” Wi ‘ h s >' 5t ' n “- 

sign models for both steady and unsteady Llrod,, • “ od . ul * generates analysis and de- 

by ASTROS. The generateLTrodv^ discipKnes in the format required 

element models. The advisor has features to autlmSfr 'l ap P e k nded to ^e existing finite 
Thi* A St , rU . ctur . e - h .f so bas provisions to modify the modeufd^ 8 ^^^' d hi . erarchical 
AdVISOr 15 aT1,llble IBM POs . Macintosh^ VAX and Snn wXattfversI,'"' 1 " 

ASTROS ADVISOR 

ment^ of'expert sys^m^^These^re 0 !!!^ 141 ’ vallda ^ 0 ‘? are critical elements in the develop- 

The development of an expert system fora'll *w\!i* e • r* ^^J^ng both people and time. 

ASTROS, expertise from diverse subsets of knowledge domi-^ 811 a ? aI ?, sis code like 
the unique approach adopted in this Exuert svct^m 1 domains is required. Fig. 1 shows 

entity, a user specialist is added. The usersoedii^ a^ ' In this a PP roach a third 

elements, optimization, aerodynamics, and M «peri"n C ed aItro^"*’“ ‘& 1 L dd , oflSnite 
knowledge of AI. The user SDecia]ist« .... iP® ne nce<l ASTROS user with background 

heuristical experiences gained from runnSgre viral f ?f Sented j n 0 ^ e ASTR0S manuals, 
a particular discipline to evaluate the prototype svstem I™ 8 ? n ASTR OS, 411(1 ex P ertis e in 
system is evaluated for knowledge representing ^ T he Prototype expert 

feedback from user specialist an I evXatfons^ U ? er a . cce P tance «««*. Based on the 
system is continously refined by the knowledge engineer° main eXpert ’ the Prototype expert 

System Architecture 

an ASTROS T Adviw d Ind 0 a y P^-prores^ knowledge based systems, 

architecture. A hieh level commit I ° F Consultant > integrated within the same CLIPS 

modules. The Advfsor comprises of two mdlfenS™?^ dir *, ct f tte u . s er to either of these 

a Bulk Data Generator (BD*G). They can be seleeSd . su , b ' modules > an intelligent Editor and 
another. Thev can he ,, aM i £ -*£ y b ? selected independently or sequentially one after 

ASCII ASTROS “put files the £T‘ e " modlfy ASTR0S ^P-t files. Fasting 
facts. The Advisor ?s structured as^rectedlncn* 1111 *'! th * data . ls converted to CLIp! 
to select these options. The menu interface »l«r> rf Wltl1 re * evant options and advice on how 

input file. This is handled in CLIPS* by assMtin^aT^T 8 ? -° any k lem ® nt of the ASTROS 
display of the menu. 7 asscrtin S a fact to trigger the rule that handles the 

to either create^^modify fh^ExeaatfvIcI W jH C k P i°, vides the user with an option 
Optimize and Analyze subsections of th#* Q i n f *° Solution Control sections. The 

Boundaries, Disciphnes and DiscipUxEe-Op^ ma J de of menus to define 

Data Generator fBDGl moduli ™'^P.V 0118 ™ a descending order. To execute the Bulk 

Aero or Flutter discipline is required ^h^RDp 11 * 10 ?) ^° n - tr01 with either the Steady 
aerodynamic model pand andconfiguratTon flwn 1S k made up of four (i) 

.elect either the defauR vJds orelide^fn parameter generator. Th? user can 

value.. All input values Ire Seckcd W 1 . pancl data “ enu or his/her choice of 

action is initiated by the system for anv nccdld^ 108 ,^£ CU ^ Cy beunsties, and a corrective 
generated by the BDG module is shared bv both ”? odlfilCa , tlons * defaul t, the paneling data 

wing panels if they coexist. However ind«ende!5 nal^d Uns ^ eady ^odynamic model 

WeTo^S ?e a ferenc C e n S^ ^ 
experience. These include sUndcd aiz density refemt^,lX“me. 0 t “y SS 
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for steady aerodynamic discipline and an ideal number of reduced frequencies for the flutter 
discipline. User input in terms of simple flight conditions like altitude, Mach number, etc.. 
are requested by the BDG for any missing fields to generate the appropriate performance 
bulk data cardsf Options are available to use conversion factors to maintain consistency of 
input units. The aerodynamic bulk data file created is appended to the solu ion control file. 
As shown in Fig. 2, the BDG creates the aerodynamic model and links it to an existing 
finite element model at user defined grid points. The finite element structural model is later 

appended as an external file by the user. 

The Post-processor has been developed as a traditional Production rule system. A se 
of allowable default boolean values make up the intial fact base. The system is modular 
with additional knowledge entered in the form of questions, identified probiems and corre¬ 
sponding solutions. A simple question and answer session with the consultant establ shes a 
possible error in the design problem, and correspondingly the advisor provides a solution. 
The remember and recall features of the Post-processor consultant allows a user to interrup 
an interaction with the system, terminates the session, and saves as a restart file. The knowl- 
Jdee is abstracted hierarchically down with additional facts solicited only after evaluating 
user response The system provides explanation features for its reasoning.thereby making 

?£ Sedge transparent. P Help capabilities are provided by ^forming ±S d ‘° s 

look for additional assistance in answering a particular query. The Post-processor provicies 
recommendations which are useful in formulating and successfuUy running the future design 

models. 

Illustrative Examples 

The multidisciplinary swept wing model [9] is selected to demonstrate the modelling 
capabilities of the ASTROS Advisor. Creation of the wing model for steady acr0 ^ y ^ 1 ^* 
and flutter disciplines under two different boundary conditions are demonstrated in this 

illustration. The first boundary condition idealizes the wing supported for . P 1 ^wh£ 
center root of the structural box only and the second boundary condition idealizes the wing 

I. .fhieved bv changing the toggle setting in the Specific Wing Panel to single for just tnat 
menu value fdistrib?tiSn for chordwise boxes). The menu options required to generate data 
for the wing configuration (airfoil data) are displayed only for the steady aero model. User 
input of mach number, altitude, flutter velocity limit, reduced frequencies and def ault valu 
for symmetry present in the Unsteady Aero Menu are used to generate data specifying the 
flutter conditions for the wing. Density ratios are generated by the system based on mp 
altitude and default reference density. The range of velocities to be included for the analysis 
are generated by the system based on flutter velocity limit and heunstical empirical formulas. 

Userlnput of mach number, velocity, altitude, load factor and default 

nrpsent in the Steady Aero Menu are used to generate data specifying the symmetric trim 

for ttoSSnTTh. dynamic pressure is calculated by the system based on air 
densitv°^titude anTflfght vdocfty. The trim type 1 is inferred by the system based on its 

SErAjtffSS Ed. generated for this example probfem are .hown for danty. 
This input file generated by the Advisor has comment cards in the bulk data. 

Fig. 6 lists an interactive session with the Postprocessor consultant which provides advice 
for a non-converged optimization run. The help features present in the Postprocessor are 
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SepE^^^ - b T approximal 'P^Uem 

the rost-processor Advice. P au VIOL file is also generated containing 

T , . Conclusions 

System) to* deri^n awospacniruSurS^ndefTtr '*?**} en ^ onmeilt (ASTROS Advisory 
demonstrated. Experiences and issuedthedetilon™ /? d a f rod y na ™c constraints was 

bu k n H»f 4 m u nU 'Ft editor and * post-processor consuftAn^ “ lnteUi S ent environment con- 
M k * dat . a sub-module within the edito? module eenerltS* Wcr , e P. resented - An independent 
and unsteady aerodynamics discip lin e ; n tlw» r_ ® nerated analysis models for both steadv 
to be a viable tool for exnert ■ J-S. j . f ° rmat rec l uired by ASTROS CT TP? 

AdW«, ry System is available on IBM ASTROS 
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Fig 2 Bulk Data Generator Capabilities 





















3 

a 

o 

s 


e 









HOSIAOV ONISSaOOHd XSOd SOHXSY •••••••w************** 31IJ VXV<3 IfldNI SOHXSY 




4* 

u 

0 

4l 

• 

9 

• d 

0 

a 


9 

► *H 

o 


h 

4> 

-Ft 

4> 

3 

F* 

« 0 


3 

X 

0 3 
4> U 

9 

I* X 

9 9 

a 9 


4) 

■9 

0 



u m 

K*H 0 


fJ 

o-j 

*9 4» 


-H 

3 

9 9 U 


-Q 

a b 

4*Fb 0 

4» 

0 

*H 

• 0 4b 

•J 


9 

• 

K 

9 

9 A 

a 9 

9 

J9 

9 4> 

o # a 


4> 

fH 

•h A 0 

*3 


3 If 

J JH 

H 

J3 

h a 

0 4> 

0 

*i 

♦—4 

1 il 

•h a 9 
• *H 19 

jS 

A 

9 

S3 

^■9 1* 


b 

r$ ** 

*> b 9 

0k 

0 

U M 

a. 0 9 

H 

9 

s 

0 Ml 

9 

9 

•M b 

9 9 

J3 

9 • 

0 

a b ► 


U «H 

•M 

0 «H 

►» 

0 *M 

a o 

9 Ml 

A 

b 0 

0 

a 0 

9 

fib 

*H X 


• b *o 

m m a 

» u 4 

a 

TJ O ■ 

• u 9 

■ —4 

9 9 JO 

b O 

• 4 b 

.o a 

• 

O b • 
** • A 
A *» 

fH 4 * 

-33 

X O 
b T> 9 
0 9TI 

• i-H 

«H b 

► 0 Q 

•st 3 

• K 

3‘fi 

a 

9 9 fJ 


4» *4 9 *H 

• 9 OH 

0 f4 9 -H 
Ob X JQ 
9 9 9 
9 0 4 

Jh94 

v ja g 

9 4> 

9 b * ■ 

9 9 Q..H- 

J-gS'S 

f- 9 M X 

4 > *» - 

353 * a 

sis •** 

o on m 

K 3 *65 

■ *» ■ << a. 

S,8‘* 

fH 0«h 9 

H bHJ) K 
<*M < *» 


•H «H M 

a 3 


H H 


JJ -H 

• 9 

23*> 

HiflH 


9 0 0 

9 b 0 
9 *J *H 
•H • 4 J 

9 d Ok 

o 

4» OQ 
9 9Z 
•H ► O 
4 H U 
b 4* o 
4» O 
9< 9 

a a 

044 4 ) 

0 0 

0 

9X9 

9 bJl 

J | * 

*1? 

9 00 4» 

3.5 

M b 

• 4 * as 

4* 

a a an 


! 5 " 


•h 9 *9 

4» v a 


•s a 


9 49 

9 

-3 5 
3-5 
-33 
|S<8 

9Hfi 

o 

X 


9 i 

b 9 9 I 

O >H| 

s -h jo S 
a 4J 0 u 

0 -H 4» 

0 9 4l 
0 9 0 
*9 fik-H -H 


4» 9 


a 4» 


3 

- J 


*9 fik-H -H 
9 -Ob 
4j 9 P a 

0 b 

H 0 X 
0 * 9 

?*A 9 0 
> OH K 
■ hjo 
A 4 9 
A 9 Hh 4 


b 9 

0 u 

•h g 

b 9 

a o 


11| 
i IS 


9 «OCt 

u a 

0 i: 

9 MO 


ft 

? 3 


9 A 

4 i 


§ §§ 


Q H 

o a 

x o 

u ^ 

a u crj 

•9+ 

• 0 * 

O 0 F4 g 

n a n h 

*H JO fJ a 

9 0 

i co i • 

H b 

o w a u « 

•o fh o •* O a 

0 « D • D 9 

a 73 p x o co 

0 U FH u 

wacs a d • 

c c *H 

*iH • • ^ • ■ 

9B >H O F* X 

9 H b iH r—t 

4> X F* 9 Fb 0 

o. FH 43 C 

„ * a n ^*n 43 a ^ 

9C 3 

CO CO < O lO H O o 

o. •* u. a. b. 

X O 03 03 <-s • 

u .H I >vJ «< 

a a * d j **C9 

c a opa<^^g 

*H 0 O Z 9 O -H 

fH X H □ J H H II *) 

a "9 j p 9 a 

•H 0J II J CH n 94a 

O b < U. 3 O M CO M 

• 9 U ood d 

•h <Bo,'-'«da.PaiH 

•o a a 

-4 u cl d jh h 

4J 0)>*UCi3Z>* W Z 
fh m m d h cn m d a ffl w 
3 »JO<H<d<d<d 
aeon obanpujo. 
z nhhzj Z< 

o i >*Hz5(h 5co 

M JCOHO g 

HHOKS) a | 

bjztoo. 


b 

M • 

m3 a 


W H0Q «< 

53^5 

WOH 
< 03 H 


§5 


M P O 
S4 Z 
m m 


p o 

fib 

K3 O 

d 

6b • 

U N- 

d 
o 

0} o 

6u ■-« 

U O 

d ^4 

mc 

ffl Cl 

6b 

U 

d o 


M O • d 

8 1 IS 

a -: a 

8 **o 

30 * 6b 
d FM # Ed 
. t a; 

P « ♦ 

M N • P 
03 *H t H 

§ *13 


03 « d 
a * Ed 

a ♦ < 


f!* m eo 


MX 






So 

o 



« 

ax 

0 



to 

O V 

J 




0JN 

<► 

fH 

H 

« 

U 


1 Z 

1 z 

o 

t 9 Z 


1 P 

1 p 

eo 

i a< 


1 o 

i o 

to 

1 to. 

X 

1 

1 t* 

I b. 

1 

1 t* 

1 fib 

X 

N 

1 XOO 9* 

!-3 J> * 


1 

1 

N 

1 9P 

X 

1 <0 

1 <0 

V 

i 4*2 

10 

1 fib 

1 EX 


i »o 

V 

1 

1 

X 

1 ox 

<0 

1 10 

< U) 

10 

t 30 V 


1 fib 

1 fib 

m 

1 ZX 

i 1 

X 

1 

1 

O 

a 

» a* i 

1 V 1 

10 

i 1 Z 

4 

l fibO 

fibO 

-V 

' • S 


*iw? 

Si* w 


IO 

a o 


i 


d *h 
93 

(a « 
H O 
b g 

p JO 

6b ♦ • 


Kn 6a 

4>6b I 

•H 

• o 

BCIH 

9 6b Eb 
-0 

I fib 6b 

:a» 

t 03 fib 

*ifc 

I <H 
■ I U.Z 
I JO 
t fibO 


4> W A3 

*H6b I 

g 

0 o 

H(l H 

• fib fib 

► 

Fb a 
I fib fib 
i 

> I p 
I M 00 
I 03 fib 


i JO 
I 6b O 


Ob Cl 

zx 

O N 
SfJ 

0b>* 

o 

M Fb 

BOX 


ii 


522 


Fig. 5 Input File Generated by ASTROS Advisor 
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ABSTRACT 

knowledig^l £ general^DurDose ° f airframe structure requires 

a detailed unders"tand^of .V NASTRAN as "U «• 

sophistication of general structure. Due to the 

substantial investment in time and^effort" 1 . SUCh 38 NASTRAN ' a 
expertise in using them effelitiw re quired to gain 

development of an expert svstem pa ? er describes the 

based finite el^ent^dels the Validatio " <* NASTRAN 

structures “re “vieled^to^d" 1 " 6 n e " ent "° d ^n9 of airframe 
their knowledge and reasonina in ' anderstand an<i represent 

Stress analysis and system - Finite •!«»«* 

were reviewed to determine expert resolutioMM^®* 1 ,*?'’ th ® experts 
a result, areas reguirinaevlVf-solution of problem areas. As 

airframe structures were 9 identified* tance ln the “deling of the 
The finite element input data is represented as a set of -facts*. 

A Search!oa! eP se e t Se of ta ru\ 0 e n s knowledge. 

acts as an intelligent front p n ,? P 4 . rt d -‘ The expert system first 
requisites needed toperform Ml 1 1 nSUre that a ll the pre¬ 
includes material properties boundary M 1 ^ 81 *- 8 are present * This 

information. The next step examined if dl iiMLM d K C i° nneCtivity 
elements are connected Th« f ^^“Patible sets of 

specific airframe component is modeled*bv exami ? es if the 

elements. The next and final modeled by the appropriate set of 

used are adequate ?o rlores.nt S - lf the airfra "e members 

The expert system Is desired to in. ntl ti. pated state of stress. 
the error, Je likely ^ons^en^e 

Clips" con tains 1" ■?*- U CLIPS. 

Rete algorithm clips mav ha -i™ ^ference engine based on the 
as well as mini commuters S on nost P«beonal computer! 

however is generaT !nd oan 1 ‘ s The a PP roach taken, 

available expert systemshellsf pl ented usln 9 commercially 
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Introduction 


NASTRAN is a general purpose analysis code that brings together the 
state of the art analysis capabilities into a single program for 
the analysis of complex structures* The usefulness of NASTRAN and 
other similar codes in predicting the structural response depends 
on a large part on a proper idealization and discretization of the 
structure* The process of structural idealization and 
discretization is referred to as the generation of a finite element 
model. The finite element model, for a given structure is not 
uniciuG. Several finite element models, each yielding acceptable 
solution accuracy may be constructed for the same structure. This 
paper will focus on the use of a Knowledge Based System (KBS) in 
aiding the user to validate finite element models constructed for 
airframe analysis. Finite element model validation is achieved by 
insuring that airframe—specific modeling guidelines, coded into 
rules have been satisfactorily met. 

Figure 1 shows the taxonomy for combining the KBS with NASTRAN. 
The KBS sits between the analysis package and the user. The KBS 
uses as input a user generated NASTRAN bulk data file. The KBS 
interprets the input file, interactively asks the user additional 
information, applies airframe specific modeling rules and generates 
an output file. This file records any violation in the modeling of 
airframe structures and reports it to the user before commitment 
to a potentially expensive analysis. 

In the capacity mentioned above, the KBS serves as an Intelligent 
Front End (IFE). The IFE serves to validate the analysis by 
checking the input finite element analysis input data using 
airframe specific modeling guidelines and general finite element 
analysis modeling guidelines. Anomalies, if any are reported to the 
user prior to commitment to a potentially expensive analysis. The 
major steps in the development of the KBS along with an application 
example are described next. 



Figure 1: Interaction Between User, NASTRAN and 

Knowledge Based System 
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methods used in the NASTRAN modeling of aircraf t t Pr ° cedures a n<i 
principal sources of knowledge were - Str “ ctures - Three 

guidelines (ii) Stress analysis reports ana ,—f ural anal ysis 
engineers experienced in th/model/Lf n* i 111 * Inter views with 
NASTRAN. modeling of airframe structures using 

some analysis procedures for 

structural analysis. Information ob^af 5 nC f Untered in vehicle 
allowed for the selection of an approm^*^ the guidelines 

are amenable to solution using knowledge bas^^ethod?? 13161 " 8 that 

airframe finit^ellment^odels^General 3 ™ 1 ^! i nforinati ?n about the 
to airframe components were* identified ell f? princi P les common 
approaches used to meet specific anai//^ 16 ^*- A1 . so ' th e modeling 

Generalizations obtained lrtm eramA y a Vf„° b 3 J C ii Ves were ^^"ed 

reports were later incfudedTn ^“owledge' anal ^ a 

structures w^lnt^ie^d ^ a ” -Trane 

judgement was consistently used to e^t-h^V / re ^ s Where engineering 
airframe model were identified Also ° r inte rpret thl 

inexperienced NASTRAN users mav were areas where 

modeling of airfranTstructure/ An im» S/f l 6rrors in the 

be readily accommodated usina kno2?**d?f E*S feature that could 
need for the ready identification If ?L * techni ^es was the 

model in terms of airframe members ^r fn airframe finite element 

BAR STRINGER). i n meetinas with ln ! tance: Element No. 60042 

decided that the KBS will be 9 best?uitS e 5 lenCed ® n ^ ineers it was 
models. ^ suited for use with internal load 

Develop ment Toni 

be used to effectively^ a . ru . le based network can 

can then be introduced as a se C o f 'F«^»' knowledge. New data 
act on the IF portion of h,« _ -T tacts . These facts typically 
actions. The acUons mav £ and .result in some Specifi^ 

These facts ca^ then f ir/ other ru/ee^T?, ‘ 1°" ° f ^tional^acJs? 
all rules whose LHS match with avail /hi / pro J es s contlnues until 
Other necessary requirements are facts have been fired. 

mechanism and (ii) the ability ^ }Zl f ° rward chaining inference 
routines. ; ab iiity to interface with FORTRAN analysis 
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The C Language Integrated P ^^L 10 " stem 6 ™ CLIp/Cs*a CuleCased 
the tool to develop this exper y' t . softU are hooks to 

an-th« application 

S t S f S5ilS , ^T i^U f in mo C s L t installations that support 
the C Language. 

noerrintion of Knowl edae-Based-SVS't^fl 


a. H, 0 voc consist of a Data-Base Management System 

The components of th ®^BS consist or a inference 

(DBMS). analysis routines and the deduce the user supplied 

Additional related da?a iterated by the analysis routines to 
completeChe Classification task and .validate the finite element 
model. The three components are described next. 

NASTRAN allows an arbitrary input sequence. For ,^C ta 

manipulation similar entities -^^f^^ltat^ oI ^CC To 
This grouping allows the KBS to acoM. n«de ^ data and 

“9Enir nP fnstfnAeI y e^s' 

numbers ^d coordinates, ^emein^t^^ and connectlvity^informa^ion 

"«!lh?e caddb the dallSse management facility linked to ASTROS 
was used." Any, similar facility may be used to organize the NASTRAN 

input data. 

The analysis routines compute parameters that aid in the 
classification of structural components. These routines use the 
™I?^ Spi? data stored in text files by the DBMS. The routmes 

also query P the user interactively for additional. t ^ n 

„ZZl Is nromoted to enter information relating to the orientation 
ofairframe skins, spars and webs. The FORTRAN routines are used 
to compute the direction cosines of the surface e 1 I 1 ■ ££* 

direction cosines of these elements are checked against the 
orientations of the airframe structural components input by the 

“ H oC forCscCsurlCtC element JS^jS^’ac^ 
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STRINGERS are identified next ^hese are st? * lrf ? ame components, 
by either BAR or ROD elements hav? n r? Ural ne,Bbers nodel «<* 
greater than 0.001 square inches'anrf ^ 9 «. cross-sectional area 

member identified earlier, a SPAR cap a SKIN airf rame 

ln common with a SPAR element c^n a i 1S a STRINGER having nodes 
having nodes in oonjon with *a RIB 3 th B - CAP is a S ™™«R 

liS if 1Ca , ti0n ° f airfra ">® members for wing-tttt J° m Pi etes the 
list of elements not identified aw • 6 structures. The 

retrieval. loenciried are stored m a file for later 

determine if suitable elements^av^bten th *i a i r ^ rame *°del and 
airframe. Rules for the modeling s ® lected to model the 

invoked. Two factors are genlrallv con^tS • C01nponents are 

suitability of modeling a Specific ^ aidered « deciding the 

element selected can represent thef strait S member <*> if the 
displacement compatibility is main^fff * adequately and (ii) if 

nodal points. Elements no/meetinq either*^ eleinen t common 

be reported to the user. Appropriate eLmL^t tW ° C J iteria will 
airframe component will be suggested to types . to ® odel the 

is of assistance mainly to enainppre user. This final task 

of airframe structures^^ and mav he « m ^? X £ e u lenced in the modeling 

engineers. ' and ma y be omitted by the more experienced 

An example of the application of the kr<? a 

shown on page 6. First, the classifioJ^l ? aircraft wing is 
second, the modeling of the airframe mo P erforme d and 

determine if the appropriate finit-o” 6 . men,b f rs ls examined to 

Airframe members modeled incorrectly are repo/ted^to the* useT"' 

Cost Savinq c 

Per experienced enqineers the r*i ae-e--! o-s a.’ 

be of assistance in quickly identifying Sk ° f the KBS will 

classification task, q particularly m . einbers - This 

structural members can result in e k identification of non- 
interpreting models that are not u<?Prt Ub f Stantlal time sa vings in 

ls to be implemented in a nroluotfo egUent . ly ‘ Since the KBS 

comparison of the time savings du P e to thi en Y^ onmen t a direct 
of the KBS could not be determined classif ^cation capability 

interpreting the finite element* modoi ® S f* f time sav ings in 
structural components range from 60 to 70 percent™ 5 ^ airfra ”' e 

modeling cri*p“vidld*'‘by^^BS^Thi” 111 bei ? efit from the 

SS53 S 1 JS, - - thsto^ial 5 o? 

^rf«rmo t d y e P i e s m ° <ielS “ ° PP ° sad <*> texJ-^ooT™ "artm^ia'Uy 
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nastran 

BULK DATA 


DIR'N COSINES: 
SKIN, SPARS 
| RIBS 

I USER INPUT 

A * 



-J 

D B 

M S 





fortran 

rolt 

ANALYSIS ) 
riNES 




Typical Output: 
*** WARNING **** 



OUTPUT 


AF: STRINGER 
AF: SKIN 
IG3: 342624 


MODELED BY: CBAR 54006 NODE1: 
MODELED BY: CSHEAR 32642 IG1: 
IG4: 342628 


34281 NODE2: 34283 
342612 IG2: 342618 


partial output and classification of an Aircraft Wing 

Structure Using the KBS 
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On a Concurrent Element-by-Element Preconditioned 
Conjugate Gradient Algorithm for Multiple Load Cases 

•y N94-71491 

Brian Watson and M. P. Kamat 
School of Aerospace Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332 


Element-by-element preconditioned conjugate gradient (EBE-PCG) algorithms 
have been advocated for use in parallel/vector processing environments as being 

superior to the conventional LDL T decomposition algorithm for single load cases. 
Although there may be some advantages in using such algorithms for a single load case, 

when it comes to situations involving multiple load cases, the LDL^ decomposition 
algorithm would appear to be decidely more cost-effective. The authors have outlined 
an EBE-PCG algorithm suitable for multiple load cases and compared its effectiveness to 

the highly efficient LDL T decomposition scheme. The proposed algorithm offers almost 

no advantages over the LDL T algorithm for the linear problems investigated on the 
Alliant FX/8. However, there may be some merit in the algorithm in solving nonlinear 
problems with load incrementation, but that remains to be investigated. 

Introduction 

A conjugate gradient algorithm for solving a linear system of equations, or 
equivalently for minimizing a function of several variables, is often encountered in 
structural optimization and analysis problems. Using a finite element discretization 
scheme, problems of solid mechanics may be reduced to a set of linear equations or 
equivalently to minimizing the potential energy expressed as a function (quadratic for 
linear problems) of the nodal displacement degrees of freedom. The need to solve finite 
element models with large numbers of degrees of freedom has created the need for 

highly efficient algorithms for solution. 

Modern single-processing computers are limited to an estimated maximum 
performance of 3 billion floating point operations per second (3 gigaflops). However, 
recent advances in computer architectures provide the means to achieve higher 
performance ratings through the use of parallel and/or vector processing. Multiple 
instruction, multiple data (MIMD) computers, which allow several processors to operate 
independently on different sets of data, are considered to have the greatest potential for 

increased performance ratings. 

In a sequential computing environment, the system of linear equations are often 

solved using the very well known LDLT decomposition of the associated stiffness matrix 
followed by simple forward and backward substitutions. However, this technique 
involves inherently sequential operations and thus its potential on a multiprocessor is 

limited. 






/ 
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SfflLVr* 5 “V ““ iL“onr:L V %rttn g Wh S uc h ce^;eT 

exact arithmetic^th^conjugate^radien^^go^ithm 4 ^!! co ^ P ™ ven ’ lhal ' usln 8 

sa £sk£ 52£2r££r ¥ 

^ar?^ ^ ^ *PP*- * be nice"; s^ted 

Conjugate Gradient Algorithm 

^^^ulation of the total potential energy funrHnn tt fr\r * . i 

typically results in an expression of the form: *° T * structural system 

n = j{q} T [K]{q}-{q}T{ F } + { b ) (1) 


where: 


(q) 

[K] 

(F) 

{b} 


is the vector of unknown nodal displacements 

is the symmetric, positive definite structure stiffness 
matrix 

is the vector of externally applied nodal forces 
is an arbitrary constant vector 


a) is g^n STf ^? 1 alg0rithm f0r d “‘"« th * “er for expression 


Figure 


Select (q} 0 
{0o=(F}-M{q} o 

r 0 ={dlHc 

(P)o=(f}o 
Begin Loop: i=] 

{ u )i=M {p}i_i 

°i=— y 1 - 

(p)Zi ( u >i 

{ < 0i = {q}i.i + “i{p} i .i 
{ r )i = { r )i-i - «i {«)i 

Pi=— 

Yi-1 

{p}j= {rJi + Pj {p} M 
i -> i+1 : Repeat Loop 

The conjugate gradient algorithm 
minimization of a quadratic function. 


for the 
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The residual vectors, Mi, are the negative of the gradient of the total potential 
energy function at each (q),. The vectors, {pip are the [Kj-conjugate search direction 
The algorithm terminates after the m'» iteration when the magnitude of the residual, 

{r} m , is small compared to the magnitude of the applied load vector, {F} (i.e. {f jT { f} < 

perform the independent calculation, [tcf lp)f = (v)f, where Mf is the element stiffness 

matrix and (pi, is the element search direction. Then, the vector Mi is computed by an 
assemblage of the (u}f. The remaining computations are all well suited to vector 

Pr ° CeSS A diagonal preconditioning matrix, [Tl, can be applied to the original system to 

improve the condition number of the stiffness matrix^. By introducing W-IH MM, 
ly) = [T]’ 1 lq>, (f) = [t] T (f|, and applying the conjugate gradient method to the function, 
„ _ l(y| T [k](y) - (yt T {f) + {B), the solution may be determined in fewer iterations. Once the 

minimizing vector, (yl\ of the new function, it, is determined the minimizing vector, 

of the original function, n, can be calculated from the transformation, lq) = IT] ly). 

(q) ' More implicated petitioning matrices have been proposed- An example 

the element-by-element preconditioning scheme by Hughes et alA However for tins 

Y- b e ii eve d that the additional computational effort required in the 

Fmolementation of these preconditioners is likely to outweigh any potential advantage 
ms P u"om the reduction of iterations. Thus, only the diagonal preconditions has 

been investigated. 

Single Load Case 

The element-by-element conjugate gradient algorithm was ^ 

Milan, FX/8 parallel/vec,or supercomputer^ ^ ^ ^ 

dsomposWon'of"th^stiffness matrix to solve the linear system of equations M(q) - W 
The test problem used was generated from a finite element approximation to 
D iate subjected to transverse concentrated loads using thin plate elements ( ee 1 § ur ® __ 
adiusdng the ^ mesh size, problems with different numbers of unknowns were 
generated Additionally, adjusting the node numbering sequence allowed different 

bandwidths of the stiffness matrix, [K] (See Table I.). 
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Simply Supported - All Sides 


X> F JX 

,' * * ' ' , 
w ^ A . >. 


Figure 2 . Test problem model 


Mesh 

TOxlO 

20x20 
30 x30 


Table I. Statistics for Finite Element Models. 


Number of 
Unknowns 
279 
1159 
2639 


Hal f- B and wi d th 

Numbering Scheme 1 

35 

65 

95 


Half-Bandwidth 

Numbering Scheme 2 
271 
1141 
2611 


method^EM^PCGj'^nd^^rOLSOL^for 6 sowing 6 th^ men,t " b ^* elen lf nt con l u S a t e gradient 

performance of the EBE-PCG is independent^P r ° bl f ms - N °te that the 

matrix because it operates at the element level if • ndv ? dth the of the stiffness 

advantageous only for large high bandwidth ’ ui evident that the EBE-PCG is 

though, the effectiveness of the foniugatr^rid^h^ l f ms : t Even for these problems, 
must be examined. J g te gradient algorithm for multiple load cases 


Time 

(sec) 


1 80 
1 60 
1 40 
120 
1 00 
80 
60 
40 • 
20 • 
0 - 


COLSOL-High Bandwidth 


EBE-PCG, 


-OLSOL-Lovy Bandwidth 


500 1000 1500 2000 2500 3000 


Number of Unknowns 

Figure 3. Solution time required for a single load case (20x20 mesh). 
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Multiple Load Cases 

t£j!S liii. i »•**'"“ "“""“'jiS 5S™ information 

The iterative process of the conjugate gradient algonth™ ge that , his 

tX load' cases to reduce the number of 

iterations required. (See Figure 4.) 



Figure 4. Scheme to improve convergence for multiple load cases 


Given the n x m matrix [PL whose columns are the conjugate directions, (pU en 
[P] T lK][P] = [D] (a diagonal matrix). Note that for all of *econju ga te 

[PWW = IKT 1 . Thus, a good initial for multip ie load cases is 

It has been found that the success of using this scheme tor ™ ^ both 

strongly dependent on the the similarity o 1 ® h n there ( s g rea t improvement. 

are symmetric with respect to problem L be expected (See 

However, with two general load cases, only sol vine nonlinear problems with a 

Table II.). This would seem to sugge t hat P ^ E g E . PCG 

» be established pending further investigation. 
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Table II. Results of Multiple Load Case Tests 


Load Case 
(20x20 mesh) 

Number of iterations 

(as the only load case) 

Number of iterations 
(as the second load case 
using output from the 
single midpoint load) 

Single midpoint load 

102 

11 

Single mid-quarter point 
load 

174 

123 

Two opposite mid-quarter 
point loads 

102 

51 . 

Single load 1 node from 
midpoint 

220 

179 


Figure 5. shows the solution times required for both the EBE-PCG and for COLSOL 
successive iden tical load cases for the same models described previously 

th L s . re P reS !, ntS the ideal multiple load casc P roblem to the conjugate gradient 

gorithm. The trend appears very similar to that observed for the single load case 

«guirIdfor S th^BFtrr^' 7“ ^ 3 1 ,° W bandwidlh P r ° b ‘“>< the additional time 

required bv cof for G T h° * a , 8eneral second load case is g"*ter *an that 

required by COLSOL. These results indicate that the effectiveness of the conjugate 

gradient algorithm will be severely limited for large numbers of load cases in linear 


Time 

(sec) 


1 80 
1 60 
1 40 
1 20 
1 00 
80 
60 
40 
20 
0 


COLSOL-High Bandwidth 


EBE-PCG 


COLSOL-Low Bandwidth 


500 1000 1500 2000 2500 3000 

Number of Unknowns 


Figure 5. Solution time required for two identical load cases (20x20 mesh). 
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Figure 6. Additional time required for the second load case. 
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ABSTRACT 

, ^ •_ nre sented to obtain optimal designs of axial 

A procedure is presentee ^ etural design constraints. 

compressor blades with defining the circumferential 

coefficients of the of the airfoil 

tilting angles and the_ axi design geometry are used as 

cross sections from the miti v . 1 _ d jL are modeled by 20 -node 

design variables. The ££l*** S * inite element method is developed 
solid elements. An efficie analvsis with respect to the 

for modal Based^rTthis information, a sequential linear 

design variables. ? applied to calculate the required change of 

geometry X f or” the°d^ired ^structural design constraints. 


1. INTRODUCTION 

in order for a gas turbine, engine to achieve, its^signed 

performance, the compressor ^”“ n he S" e aboV e a certain 
to deliver the air^ at P the coropre ssor blades designed 

^rach^eve^he^reVired aerodynamic perfo^ance^ften 
dIlign e specification, [ 1-7]. m order to obtain^an °P b ^ p b ^J 

SSiS p\^»e^Tnd e ?uTd d e t Unes°must A established for this 
iterative procedure. 

A h blade <T,T “since^the 9 W^de^heightf"chord"^^igth Tnd^elch 
shape, [8,9]. Since tnen its orientation with respect to 

optimized shape. Tnerer< d. re, ; , . and the axial leaning 

vary are the respect to their 

in the initial design. Definitions of these geometry 
parameters are shown in Figure 1. 

ass ss 

optimization. 

Since the circumferential tilting and axial leaning of the 

th°ese *:£r*£r 0 T£ - - ■ -- 

method is called blade stacking optimization. 
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Figure 2. Overview of Blede DesiQn Optimizetion 
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0 


presentfed^^An o ve^ i^of" the proctdule^fsZwn^ n" F^guie" 2 f S 
2. FORMULATIONS 

stacking points^?'Tblade^the^^ircumfe^nt P ^ S ^ ng thr °ugh the 

the axial leaning distance of tht airfoil tllting an 9 le and 

expressed as functions of radial distance -e sec ^ lons can be 
from the axis of rotation distances of the stacking points 


0-<3i + <a 2 r + a 3 r 2 +a 4 r 3 
X- a 5 + a 6 r + a 7 r 2 + a 8 r 3 


polynomial coefficients' 3 &S t0 minin,lze the global change of the 


NV 

777-1 


a TO ) 2 


subject to the frequency constraints on the jth mode 




J-l, . . . ,NM 


or their 


corresponding eigenvalue constraints 




J “1 /.•.,NM 


with side constraints on the polynomial coefficients 


^ s a“ 


rn-i ;...,nv 


wTs the^ numlCr °of 'des ign r V ariabC eC^ 1 freguenc ^ constraints and 

cur?I n ries f ign\aC rC L e e r ap^oCimtte^L 6 ^ 3118100 F * nd X of the 
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NV 

m-1 * 




NV 


-fa 1 amo) 


« 8a_ 
m-1 * 


The derivatives of the objective function can be easily found 


dF -2a 

as: 2a " 


whereas much more computation efforts are required to find the 
derivatives of the eigenvalues. 

The stiffness and mass matrices of the 3-dimensional 
elements in the global Cartesian coordinates are 


K- Jff B T DBdxdydz 
M- fff p N T Ndxdydz 


or in 


the element natural coordinates as 


K 'fff B T - DS ' tJ ' d ^ dl * 


M- fffpN T N\ J\di cfn dC 

where N is the shape function, B is the displacement differential 
nnorat-or D is the elastic material matrix, p is mass density an 
?j is th4 determinant of the Jacobian transformation matrlx ' J ' 
betieen the Cartesian and natural coordinate systems. 

The free vibration equation for the finite element model is 
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coSiw!ns i9enVe0t ° rS ' to satisfy the following 






Taking the derivatives of the stiffness and mass matrices as 


dK 

da . 




zk'fff <**><% 


aiji 


and using the normalized eigenvectors, the derivatives of the 

can b© calculated from 


as shown in Ref [10]. 

th ? SB deriv ?tives, the objective function and constraints 
be ]- ln ®^ rized to form a linear programming problem, [11 121. 
er e tlade geometry is modified for the current iteration 
the new geometry becomes the initial design for the next 
iteration step. The computation procedure is repeated until the 
desired structural design constraints are satisfied. 
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abstract 

^unch vdhfclefb^fte^ e S n M P opSJj wd 

ns ^ f «J. subject to design S"‘ mf0Umum "“unt of 

ws 

2 SS 6 -s« 32 Sy fSAasss; 

designed. “"ducted and complicated missions to be 

opo^Stio^oSS £ CTS^ and c flexible "Mw of the 
NLP2 MjSTK&SE'KES'ffi 
optimality, parameter «5SS»^£t.^.2f^ lbed * Post 
scalinf capability in the GTS system ar£d» £ ri ‘^ automatic 

INTRODUCTION 


t\L«0 

XiCi(*,p) - o i»i >m 

c i(*>P) * 0 i*l.NE 

CiMi-o i*NE+i .m 

i-NE+l^n 

tvith the Lagrangian function 


( 6 ) 


U*.p) = f(x,p) + £ XjCjd.p) 

i-l 


(7) 


Tuclcer optiL^tSS.? ot PUCT ^ The SCC ° nd OTdcr Kuhn 

T^Ly>0 

* ZO\ 


( 8 ) 


OTS '^dtSTop^r 1 ; 1 " “*” “f 

(cSSS”,' 0 '?’' NLR0J (A 

<crg) 2E222S 

ssrsaa; asSr®*» 

cSSh^^SebSS/ Mtoma£ S lcS^U«.T7j 

of standard form of 
optimization in the GTS system^s descriHM a***’ 1 tra J cctor y 

compares the optimization* scc S? n describe* and 

describes the post optimaUtyanalysiT^Wi^ final Section 

STANDARD FORM 

(NL$ e i, SUndaid f0nn of *• nonlinear programming problem 


Minimize: f(x,p) 

Subject to: crfx.p) = 0 i-i.NE 

Ci(*,p) £ 0 i-NE+l^n 

* * (*1.*2.Xn) 

P * (Pl.P2. ••> >pt) 


(1) 

( 2 ) 

(3) 

(4) 

(5) 


wn _ “ « TA/ /C\ 

"here f represents the objective r, ln .^ A 
constraints, NE is the numhir Lf ?• Qon ’ c "-presents the 
total number of constraints (m»NE+ism* 1 * y m is the 

inequality constraints. The design virShi** ^ 15 num ^ cr of 
optimization operator. The CS **’ m chosen by the 

considered constant but mav ^^ r !f nCtCrs ’*** nomin ally 
modeling or user ^-specification. d “ C 10 unccrtai nties in 

veriKuhn-Tucker conditions W .231 m chccke<J ^ 


for any y such that 

y T ?x<u»o. 

constraints ^^anylnL^uaH^c^^ C<4 contains 411 equal 

■n* »«»b^XH£2,S2S! "Sf*? ***■» 

equal to the number of variables ( a) 1S 1<ss than 

problem Kj5 to the^^b^r 2^® in the optimizatioi 
number of ^, b,e * “*“» th, 

degrees of freedom are muSJEZLZi Problems with fev 
with many degrees of freedom. * e ** ier 10 SO Ve than Problem! 

generalized trajectory system 

GTStW and 22) w ., 

trajectories, and has undmroM^rin^? 1 ™^ at f 4,1(1 optimize 
past 25 years. GTS allows for trai!^!!* f tev * lo P m *nt for the 
vmety of boosters, upper mg« I ™l uIado n of a wide 

The trajectory is broken*into R ^e«. te .-? S V“ d '“""y vehicles. 

equations of motion are inteerated* 1 P t*^ °, ver which the 
correspond to vehicle events J yp,CaJ events can 

dynamic pressure, etc. M ““*• sta gmg. maximum 

variable, and^any o^m cm be cons*?' ****** °P timizat ion 
objective function Tro| c ^l owLtiJi S ? Uned * used « the 
reserve fuel, reeatrvrm.. bjecuve functions are payload. 

constraints are often u^d jl‘ deIta v - Equality 

constraints may be placed on vehicle « tt j nv £ CatI f >n '. Ine< l ua l>ty 

« staging, or dynamic pressure, • uf Xaty ’ ^ heating 

rates for the stave* k,~ *f ure - °esign variables can be pitch 

fairing jettison, payload weighL S ett > ^Ti^d^*-' t * me ° f pa y Ioad 
typically the fuel k»Sd S ^ivh?2 < ^ ,gn pararoeICTS « 
conditions (e.g., temperatur^^S f * g “’ * launch 

"onnaliy to. 

The problems arrpoorly sca^d i„d k° dcgrces of ^o®- 
constraints. Trajeawies ue u«.tn„“ d ^ l ver > nonlinear 
integrating the equations of motion y J? mu ! a ‘ e d by numerically 
making diem difficult to optimize. ^ sunuUtl o ns noisy, 

(3 DOF) V <?6 Dw'omSS 06 “ ttoBe degrec of freedom 
the 3 DOF trajectory sSffi^ “ generally on,y a PPHed to 
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The equations of motion are integrated 

The^fbrces can be gravity, aerodynamic, solar radiation pressure, 
ana thrust. There is also mass flow i.e., ablation, propellent, or 

initial cSdilions. Tie etmnons 0, .“ < 5“„¥! h ? “L™ 
integrated to obtain a 3 DOF approximation of the trajectory. 

Several integration methods^! (Runge Kutta, Adams, etcO we 
available, m user can specify the step sire and order ^ 
the integration The integration is restarted at each event. Decause 
fvemfXTs staging ctuse discontinuities in the equations of 

m °' Vehicle definitions are created by combining <mgjne, weight 
flow, propulsion, control, aerodynumc, gravity, 

|‘?r; Sequence of events. The equations of motion are integrated 

over phases between the events. The user can specify «ki1 vy 
functions defined in FORTRAN that perform compumtoflswt 
built into GTS. Data can be input in a convenient tabular format, 

or through user defined subroutines. ft nmcvc 

Several operators (e.g., TRAJCEM, DERSYS, OPTSYS, 
SXZEl«. MCARL01221 and PSTUDY) are avadable in GTS 
TRAJCEM. DERSYS. and OPTSYS are described in this paper, 

which focuses on the OPTSYS operates-. . , hat 

The TRAJCEM operator executes a senes of commands that 
simulates a single trajectory. Auxiliary computations can be 
performed at any event or every integration point. 

The DERSYS operator is used to evaluate derivatives of any 
output quantity with respect to any input quantity. DERSYS^i 
use TRAJCEM as a function generator. Forward or central 
difference approximations can be used Tecta^ues havebwn 
developed for choosing appropriate values of the perturbanon 

sizes for calculating the partials^. . 

The OPTSYS operator executes the specified optimization 

algorithm for a problem definition. OPTSYS can use TRAJCEM 
as a function ge^ator. The OPTSYS operator can also beused 
for constraint solving problems, i.e. the user desires a feasib 
trajectory. When an optimization algorithm requests a gradient 
vector°finite difference approximations are calculated using the 
same techniques as DERSYS. Error control for gradient 
approximations can be executed once or every nme a gradient 
evaluation is requested by the optimization algorithm^ 

GTS uses Generalized Trajectory Language (GTL) to define 
problems. A sample GTL input description, for a two-sta$e 
booster (Figure 1) is provided. Some of the GTL input is 
Sd for brerity. Ftflire. 2, a schematic of the event sequence, 
illustrates the pitch rates during the trajectory. 

Payload Fairing 

Payload 

I— Stage 2 



zzr 


r- Stage l 


Figure 1: Generic Two-Stage Vehicle 


The vehicle is initialized at event pooo. Ignition occurs at event 
pool 5 after ignition (event poos) the first tnemal pitch 

SJL 1 ' „S and if is held for 5 seconds. At event poo s a 

gravity tumri flown for 60 seconds until evenl . p ° 1 a ° mi ^ s ^ 
between events poo* and poio the maximum dynamic pre ssure 

SSTTSoO occurs. The second 

event poio to poi». Event poi» occurs when the propellent tanxot 
the fust stage is empty, at this point stage one is jettisoned, and 
stage two ignition occurs 2 seconds later at eventPO20.The thud 

pitch rate, Sts. is used from event P020 to m 

rate, or*, is used from event P023 to po*o. The payload farnng is 


jettisoned at event poso, where the value of the free molecular 
heating (fkh) is saved into a variable fmhpltj. Finally, at event 
P040 the state vector is saved. 

Pitch 



Figure 2: Event Sequence for a Two-Stage Vehicle 


pooo 

PH00 INITIALIZE VEHICLE 
Choose •arch, control, engine, eerodynAmic 
weight And int egretion models for stegm on 


P001 .NULL. 

PH01 IGNITION 

ENGXNE1 ENGM1 STG - 1 

ENG - 1 
FVAC - 150000.0 
DWVAC - 5000.0 

POOS POOl(TFROM) - 5.0 

PH05 BEGIN PITCH RATE 1 

CONTROL CNTRLM6 QC - QR1 

POO6 POOS(TFROM) - 5.0 
PH06 FLY GRAVITY TURN 
CONTROL CNTRIN1 

PUQHAX QOYNP .MAX. 

POIO POOS (TFROM) - SO.O 

PH10 BEGIN PITCH RATE 2 

CONTROL CNTRLMS QC - QR2 

P019 WTANK(1,1) - 0.0 

pm9 jettison stage i 

Drop stegm 1 models 

P020 P019(TFROM) - 2.0 

PH20 SECOND STAGE INITIUZATICW PITCH RATE 3 
Choose models for s tsg e 2 
ENGINE2 ENQ11 STG - 2 

ENG - 1 
FVAC - 140000.0 
DWVAC - 4000.0 
CONTROL CNTRLM6 QC - 0R3 

P025 PO20 (TFROM) - 10.0 

PH10 BEGIN PITCH RATE 4 

CONTROL CNTRLM6 QC - QM 

PO30 TIKE - TPLFJ 

PH30 JETTISON PAYLOAD FAIRING 

/SAVE FMHPLFJ - FMH/ 

PO40 WTANK(2,1) - 0.0 

/SAVE RVFIN - RV 
VIFIN - VT 
GAMFIN - GAJMW/ 

/STOP/ 


GTS can exploit the problem structure to reduce the time 
required for evaluation of partial derivatives by using a 
mechanism called partial trajectories. In the example problem, 
a** does not affect the trajectory until event po 2S. Thus, when 

3/ /(QR4+AQR4) - /(QR4) 

* AQR4 

is evaluated, the equations of motion are integrated from event 

P025 to P 040 (initialized using the state vector at event po2S)k» 

obtain /(qr 4 +Aqr 4 ). The user specifies the event where the 
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3S£ ££! 'tosS™ » ate “ *• i— ■“>« 

a?*--, or jke ssjfs^rrsssaf 

5 M»«S!Sr^^™SS 

Qpumization Problem Inpnr 

“c^Tp^d H*"* '-P"»SS 0~s^J 

ufcKsrs problem definitions. and input data A «mnu 
optimization problem definition for the generic two'stage vehicle 

B00STER BOOSTBt OPTIMIZATION 

0PTA1G NLF2 

PROB-;WUC: 

algorithm ptrmamfrs 

/THE FUNCTION GENERATOR IS TRAJCEM/ 

OBJFTN 0BJFNM1 (PAYLOAD) 

OBJSKL - l.E-3 
OBJTOL - l.E-4 
PGDTOL - l.E-4 

CONSTR CNSTRM1 

COWAXQ CONFMH 
CONRV OONVI CONGAMKA 
INDVAR VARK1 

VPITCH1 VPITCH2 VPITCH3 VPITOI4 
VTPLFJ VPAYLQAD 

OPTAOM 0PT0M1 

(HFT.AT.PO30) 

pssss i 

defied SCleCCl0n i$ made Undcr C0NSTR - Constraints aie n 


C0NWXQ (QDYNP .AT. POQKAX £ &4AX) 

OONTOL - l.E-6 
OONSKL - l.E+2 
INBASIS - ; YES: 

sS-SKrSK=S 

=s?is~-=~=«» 

*" “■<**• A vtfrtln (or 

VP ITCH 4 VAR - (QR4) 

IKRBND - -0.1 
OPRBND - 0.1 

STARTAT - [P025J 
POTYPE - :2-SIDED: 

DELVAR - l.E-4 
VASSAL - l.E+2 
ABSTOL - l.E-5 
CSOLVE - -YES: 

computabilityreeions 8cd- The bounds define 

integration rtsian pStat ar £££*?’ lES5°" « “ 

(~rra.) np~ific£» of SSEi, ftnSSSME 


approximation for partial derivariv^c 

perturbation size to be used when evi^ri^ 5 > l f LVA * • 1S , the 

is the scale factor for the variable 8 d,e partial*. varskl 

to specify the convergence^lemj?^^ *15? 2" is UIed 

zbrst- •wzsszs&’teB 

iteration output A^g^opriSriadOT* The^L^h^h" 

S y Want to such « *» alritudra^aSSl 

optiSSd h on USX "BSR f 11 iS USefuI for *>»vi„g 

When the nT“ cto« ro ,Se ti£ ge >i^Tn 0 / CPU 
information required for a restart into a fUe^Th^n “ Vcs the 
input for the next run and the oorimi 7 ^,» •/* ,s used as 
as if there were no imemintini^^^u dgonthm is restarted 
other information that the^code’haH Wroximation or 

subsequent run. Code “ d crea,ed « available for the 

OPTIMIZATION ALGORITHMS 

Aerospace^Coip^rion'ro^w^^f 1dcvclo P ed at The 
problems generated in GTS Wn nonlinear programming 
codes are described* firet followed h'LTS" featurcs of th ' 
algorithms, the nominee le«t SuJL 2',°" ° f * c 
comparison of the algorithms. q ca P*bility, and a 


Common Fcnflircfi 

^SjrttaSS^TfflSs; 

sKsa'^sssx-f5£^rs s 
'Tsass'stss - aSar- - - (d “ • 

t&l itestssssirzHT? 3 ™ 

multiplier. fon dm inequality “f 1*Ugrange 

variables to deal with inequality constraintsHU2,23] rr • u 

determine the * addmonal code required to 

res^re F d H«siM a fH B T5, C d U ? lat, 5 “ a PPn>*imate the 

minimuta TTie restricted ^ * c scarch for the 

Hessian (for NLP2 a GTO Sde)« !LSh as the projected 

■ ORO «w. n. mSlSgn"'2SS1SS5 <f “ NlP3 

d* ( 10 ) 

usedw |^ stric,ed Sradient. The BFS03] update is 

Hessian, if P up< ^ tc to construct the approximation of the 


Ax t A^ < 0 


( 11 ) 


bSf^.Tll) WoUrefSnJ ^ °" C (SR1)n31 cpdatc. 

BFS update The SR u Xlty assum P ti <>n used by the 

solved ot thereisfa^anKhuhe&"£*?P^lcm is 
approximation is take^^V the idlndtv ma^ ' 
approximation is reset when there is a ctange £ the £ tive^t' l “ 
Lagrange mulnptiers are calculated from the least squares 
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'»f r - XT & Tlb 


( 12 ) 


dT ^ 

usinff a OR factorization of the active constraints. 

Several different convergence criteria ff*“ u ?® d ^° 
determine optimality. Single tests are easily fooled by 
complicated and poorly scaled characteristics of ^* 1 *^°^ 
optimization problems. The codes check 
constraints to within their tolerances, the correct set of uwquality 
c^S has been obtained, and either the objective function 
has converged or the projected/reduced gradient is within the 
specified tolerance. Additionally there are checks on smal 

for successful soluu» of 

nroblemsl 1 - 13 - 16 - 231 - The codes solve scaled optimization 
problems, however unsealed results are reported to the users. 
The scaling transformations are 

f,-of !S 

V-nx < 15 > 

p, = B J (16) 

where a is a scalar and E, D, and B scaling matrices are of the 

form 

E * Diag(ei,e 2 , 

D =* Diag(di,d 2 * »..dn) 

B = Diag(bi,b 2 .bk) 

The scaling transforms the function gradients, 

V„f, - a D * 1 V,f (17) 

Vx.c,*EV x cD-‘ (18) 

and the Hessian of the Lagrangian, 

V 2 Lj * a D ’ 1 V 2 L D ” 1 
x« * 


Aft 

The Lagrange multipliers for the unsealed problem are calculated 
from 

X-cr'EXs ( ^ 

The codes require the input of the scale factors. 

If the functions cannot be evaluated 
the algorithm, a function error flag is returned. The algondims 
can recover from function errors when the P° l „ th ! 

computable. Function errors can occur in GTS when the 
trajectory cannot be propagated to complenon. When a large 
perturbation of the variables occurs in the line search it can cause 
^function error and the step length is reduced 
computable point is found. After several iterations thepra^ure 
to Select the initial step length in the line search andthe 
convergence of the Hessian approximation lead to smaller 
changes in the design variables and no longer produce function 
cnon. Users specify a limit on the number of successive 

function errors allowed before the algorithm quits. 

The codes can be run in a stand alone manner and they 
assume the objective function and constraints are evaluated as a 
set, i.e., from some auxiliary black box function generator. A 
reverse communication architecture is used in the interface. 


The NLP2 [3) code has been developed over thepast 10 years. 
NLP2 is a generalized projected gradient (GPG) algorithm. 
NLP2 has over 20 input parameters which allows a P*®**^^ 
control over the inneV workings of the code Exp«ienced users 
can tune NLP2’s parameters for rapid solution for particular 

f 0 rt NLP^uses a QR orthogonal factorization of the active 
constraint set 

* QR < 21 > 

Q is orthogonal, and R is upper triangular. The Q and R 
matrices are partitioned as 

Q = l Qi 1 Q2I R * [ o'] 


where the of Qi form a basis of the constraint Jacobian 

Qi t ^- r i (22) 

and the of Q 2 form a basis for the null space of the 

constraint Jacobian 

Q2 T ^“® 

The matrix Q can be used to transform the coordinate axes x 


to y 


y = Q T * 


(24) 


24 y = Q x 


c(x ,p) * 0 


r T 

Figure 3: Transformed Coordinate Axes 

NLP2 solves the problem as a generalized reduced gradient 
problem in the y variables. The y variables are divided into 
optimization (y 0 in Figure 3) and constraint solving (y c m Figure 

3) variables 
v * Tv y ft l 

The optimization variables (y 0 ) »re locally tangent to the 
constraint surface and the constraint solving variables (y c ) 
locally normal to the constraint surface. The reduced gradient in 
the y variables is defined by differentiating the objwnve function 
vvith respect to y 0 with the y c variables adjusted to maintain 
constraint feasibility to obtain 


(27) 


constraint feasibility to obtain 

JL- JL + gzc. M. ( 26 ) 

dy<>~" 5yo °y° . . 

In terms of the x variables this equation is 

the derivatives of the active constraints with respect to the 
optimization variables arc 0 , thus 

a5H QjT *& Q|T ]^’'’ <2!) 

which can be solved for 

<*> 

This is substituted into equation 27 to obtain 

^-[q 2 T.Q 2 T^[Q,^]'Q,t]| (TO 

using the definition in equation (23), yields 

on 

The search direction for variables in the y space is 


(28) 


(29) 


(30) 


(31) 


(32) 


L r UJO—I 

where H D is an approximation of the projected Hessian (initially 
taken as P identity matrix), dyc/djo is equal to zero when 

Q 2 dc a /dx = 0, thus 


0 I r 6 "I 


(33) 


The search direction is transformed into the x variables using 

x*Qy . . . 


Thus the search direction in the x variables is 

s* “ Q *y * Q [ Hp -1 Q 2 t V x f] (35> 

which is equivalent to the projected gradient m the x vuiables. 
The search direction obtained from the traditional projected 

gradient 
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Vpf.(i.£5i T /4fiL dc^T -idc^. df 

r , v dx ' dx dx > dx 'dx 


— ~~ u * ax ' a X (36) 

ssss^SSsS^^ 

«* ■** * te. 4^SSe*|^ e S p0 “" ” ““ 

BFS/SR]*^^^ toe irxtc in aDDroximat'* 60 *'^ 3 ^ 

Hessian using Ay„ and Adf/dv PP 5£! tl0 !! °f thc Projected 

“12k SS? ,i ^“ N “«cfetod SSS&SfiSv* “» 

-y ggaaftr.? " “-SSJM 5 B *• 

dy 0 Ay 0 (37) 

SSSSylSuTaS 

SSsssaafSSSaass 

N 1 JP 2 hw C adoption"that^ows’the^aartfo 040 ^ “^SteST 

fixed on the first iteration ‘ ra f°™ at i < > n matrix to be 

iterations, thus Q 2 T dc A /<tet 0 subse 4 uent 

SxSairiSffi £,°£ £2£ft 11,6 

**>“£*approachingi2he»iution° * ^ Hcssian ,s wcU 

beha^lL^^ 0 ",® 3 ^ “ h «: ,d «»«am NLP2 is well 

remains small. For nonlinear > nmhl? Ud °i! 1 Q2 T dcx /dx 

the solution, new S^ a P £“ CmS that «started far from 

good pexfon^o^S^Z 1f ° r 
for determining when it ne^«V«!-Ti i. has bull, ,n options 
matrix. * 10 calcukte a new transformation 


*S,V" "* »'™« WfUbta. The ««» 


(42) 


d*o . 

^J-'Cs Io J 

ss k a sa ^ f*gt ««*«- n. 

» WO,™,* the reduced Herein asta| d* 

or optimization vi!rebfc£ constrsirl1 solving 

the objective function is to mini ml J >onant problems where 

v-r- - ^ -kM at' sbk&sw *■ 

dx (I»0»0,.„.,0) 

wU1 not 

^ = (1.0,0,...,0) : = (0,0,...,0) 

dx^ * d-0.0.0) - J-lc (0,0.0) 

dx^ = (1*0,0,... # 0) 

2S?" n °‘ g ° to zcro > thus *1 must be a constraint solving 

solvS^riK Sffir for cb o°sing the constraint 
the Lagrange multipliers riuzes the U norm estimate of 

.. AfT r _ 


w W — || 

minll £ T . XT dc^T 
X dx * dx "i 

_ • 


(43) 



The NLP3(20] code has evolved over 20 years and is an 
implementation of the GRG method(23) The GRr^i.,1^ 
divides the design variable “ir • *. inc CjRG method 
constraint solvinfvSe S L Opda " aoon variabl « *o and 

* * (*o.*c) 

constraim°fea t sibility 0lV The reduced* ~j- USCd to maintain 
applying the implidt function theorenf^h"' “ def ! ned b y 
examning a perturbation about x^eldin® * C ° nStraJnts “ d 

dx ^ + J Ax c « 0 

where 

C - $£A r . t dCiT 
dx° J ”dxc 

nomsinguLar* ** a,U * Ie ’ * n,) wheD “c m chnsen such that J is 
A*c - -J'C Ax<, 

TTiis be used to obtrin the reduced gradient (40) 


acu4 S olS,^ ° PD "“°°" v "“ We! »I* "sod when the 

facS^rn?Oli'l'S; l r J '' b V- * QK 

*• a*“ oumterofrnc mtaSKSS of 

secant ““^^of the 

search. t0 the constraint surface in the line 



(39) 


w Wl . 

dx„ =5^-J lc 


5k 


«r«. . w —w (41) 

o P ^zSfoS?aSaWe^w 0 iK e Ve fUnCdon with ns ^ » < b e 

adjusted to maintain constraint fL«iKT^ n «/? >lvin ® variablc s 


least squares problems. * g an be formulated as nonlinear 

consgained ntmlirm^?^,jfsquMc^Droble cap ? b,lit >' 10 solve 
function is of the form ^ problems where the objective 

f(x,p) * r(x,p) T r (x p ) 

wherar(x.p) is a vector of residuals. The gradient and HeSan 
7 * f(x -P) * 2 7 *r(*.P) T r(x,p) f45 . 

v = 2 V x r(x.p)Tv,r(x,p) (4? ^ 

U * 2 Z n(x.p) ^ r i(*.P) (48) 

rolvSSg^-riir l-T T^ s problems can by 

from * mCthod whlch calculates a search direction 
s * V‘1 V x f 

(49) 

If the residuals go to zero or V 2 rY» A l. 
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V#t- 


(U) using variable metric updates, and then calculating the search 
direction from 

A dLcusrion of nonlinear least squares problem can be found in 

re ^NLK S and' NLP3 use a robust least squares method to 
calcuUtt ttercarch direction as in eq. (50). where a consmuned 
restricted Hessian is approximated. Jhe f^ulationof the 
constrained nonlinear least squares searcj duwmcm NLK and 
NLP3 arc described in references 3 and 20. Testing wi anaryoc 
nroblcms has found that when the least squares options are used. 
problems are solved in 1/3 fewer function evaluations than 

sian^versions-t ^ # kast squares objective function is sicmlar 
to that for a standard problem. A sample input for a 10-res d 
problem is 


OBJFTN 06JFHM2 
OBJSKL « 
OBJTOL ■ 
PGOTOL ■ 


(RES(l) OPTO RES (10)) 
l.E-3 
l.E-4 
l.E-4 


Where objfnm 2 is the objective function model for.least: squares 
problems, resu> opto resiioi defines the residuals 

problem. 

__ m • 


A discussion of some of the similarities for GRG and GPG 
methods! 23 - 24 ! concludes the methods are first,o rder root 
equivalent. This section points out some differences ui 
Hessian, search direction, and constraint solving that affect the 

oerfonnance of GRG and GPG methods. ,. 

^^convergence of the GRG and GPG methods, are driven 
by the convergence of the restricted Hessitm approximanon whw 
variable metric updates are used. In the GRG method, the 
reduced Hessian is 


H r = [ J *J C ]H[[J- l C]T i] 


(51) 


In the GPG algorithm the projected Hessian is 

H p » [Q2 ] t H [Qil (52) 

Where H is the Hessian of the Lagrangian. . 

Good performance is expected from variable metric updates 
when the Hessian they are approximating is well condinoned. 
Additionally for well conditioned Hessians, viable metric 
updates are less sensitive to exact line searches. Studies atThe 
CorporationAerospace have shown that the condition number of 
tteprojected Hessian is generally lower tiian the condinon 
number of the reduced Hessian. Thus the GPG method has *e 
advantage of approximating a restricted Hessian with a tetter 
condition number than the GRG method The c^aonmgof me 
reduced Hessian and search direction for the GRG method are 

affected by the set of constraint solving variables. 

The GRG and GPG methods use different methods for 
returning to the constraint surface in the line search. 
illustrates the direction used to return to the constramts for a two 
variable problem with one nonlinear equality constraint. For me 
given search direction p. the GRG method Marches along SI 
when xi is the constraint solving variable and along S2 whenx 2 
is the constraint solving variable. Searching on SI <nay bemore 
efficient than searching on S2, depending on the constraints, 
thus the GRG method can be influenced by the chotceof 
constraint solving variables. The search direction S3 is normal 
to the constraint surface at the start of me line search and is u 
by me GPG-type code. S3 represents the steepest dercen 
direction for returning to the constraint surface. When secant 

updates are applied to the search to return to me constraint surface 

thesearch directions are modified 


3, x 

. h(x,p )*0 


y a - 

Figure 4: Search Directions for Constraint Solving. 

The choice between a GPG and GRG code is based on 
scaling, constraint nonlinearity, starting point location, and size 
of the problem. For small dense problems with very nonlinear 
constraints the GPG method is generally prefered, however on 
some poorly scaled problems me GRG method may perfo™ 
better than the GPG method In our experience the GRG method 
U sometimes superior to the GPG method when the wrong pom 
is far from the optimum. For large sparse P^ c °* s i**? 9^2 
method is prefered because it can be programmed to exploit me 
sparsity, whereas the GPG method generally cannot 

POST OPTIMALITY ANALYSIS 

This section describes me post optimality capability in GTS. 
An optimization is not considered complete until some post 
optimality analysis is performed The POSTOP operator contains 
mo di* 1 ** for solution examination, parameter sensitivity analysis, 

and automatic scaling. Several levels of 

are available. A more detailed discussion of POSTOP and its 

applications can be found in references 2 and 18. 

SftllltiflP Examination 

The POSTOP operator is used to verify that the problem has 
been solved, and checks if me second order Kuhn ‘J“ < * er 
conditions are satisfied. Several levels of analysis are available. 

The first level of POSTOP uses first order gradient 
information and prints the scaled and unsealed active cojujnmj 
Jacobian, their singular values, and an estimate of their condinon 
numbers. First level analysis does not require any extra function 
evaluations, it uses gradients obtained from the optimization 

algorithm. ,. 

First level analysis calculates the Lagrange multipliers using 
scaled and unsealed gradients. The Lagrange mi^pliCT esmrates 
calculated with the scaled gradients are transformed into unsealed 
multiplier estimates equation (20). are closer to the true values of 
me Lagrange multipliers when problems did not converge ( with 
V.L ■ 0 and proper scale weights have been specified. If the 
problem has been solved tightly, the Ugrange multipliers 
calculated using unsealed gradients and using scaled gradients 
and then transformed by equation (20) match to several decimal 

pb The 8 second level of POSTOP calculates the projected 
Hessian, its eigenvalues and condition number to verify that the 
point re turned by the optimization algorithm is a local minimum. 
The analysis is calculated in both scaled and unsealed units. Tne 
projected Hessian is a (n-nu) by (n-nu) matrix which a ! usuaUy 
small for trajectory optimization problems because the™* 1 * 
normally only a few degrees of freedom at t h*J° | | u “?" 
only a few extra function evaluations are required by the second 
level of post optimality analysis. The user can specify mat error 
control algorithms! 19 ! be used to calculate me projected Hessian. 
When the scaled projected Hessian is ill-co ndition ed (e.g., has 
very small eigen values), the solution can be imprecise. 

When the projected Hessian is calculated, me constrained 

Newton correction is calculated! 10 !. When the Kuhn-Tucker 
conditions are satisfied, me correction is small. The objeenve 
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function and constraints arc evaluated usine this cnm^hAn -rw • 

4 ? Ughtly mon accural solution than that obtaLed bv the 
opumzanon operator for problems that have iSJaVSSgf^ 

Parameter Ser^tiYil v An» 1 vri«j 

SCnSmV1Iy ana,ysis can “““s the effect of variation in' 
BSS 2 the ^PtitMl solution^. An example is to 
fnl,£T /dPl ft partla] of ^ optimum objective function 


dP 

dpi 


111 

i = |£ + 2/ j 5 k 


(53) 


2S S ft £"*** 1 * objective function and constraints 
iin respect to p,. This means extra trajectories must h<- 

, Jjjf? 4 . requires the Lagrange multipliers which can 

first le r eI 11051 °P dmali ty analysis. 

Ih . 2 g« 4 dJ “ stra *e s . «*» payload capability versus altitude of 

parameter s enritivit^MaJysis^ li Mission C p?annen n csm e ^se S thf 

^asaarfufic £ 


1020 


5*1015 

u 


5 ioio 
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1000 


Linear estimate using 


dA to rude 


Fieure 4- P x " A ™<81 210 

gure . Payload Versus Altitude for generic Two Stage Booster 

Automatic ffiljny 

airJ^nf SCa H ng “ ? ““!<* caus « of poor performance from NLP 

2S 

for “*>»« »-tqoirrt 

A“‘ omatic scaling routines have been proposed!*) These 

JLftftJ? ft ? 1 °" 1 0btaining * SCt of *Se factors that 

develorLTtn c . ond !“ onc<1 constraint Jacobian. Hallman! 17 ) 
developed an algorithm to automatically scale the cnn<rrainr 

SSSiZSFgZ optimization problems. this SiStfKd 
“3"” 1 whenihe comnjni JacoWan'vma sc JejtrtJS'rellS 

5—S5US5 £2S2f —=®« 


* optima] sctdinXeiom Mpwal v^the A ‘ *jf poilu 11,6 

; 

5 scaling obtained from POSTOPmay ot m,v ^ 

1 perfonuance of a GRG code deoendinv rmft* k?' ln ? prove *e 
> and the condition number of fe £taSd HesriL “ USed 

SUMMARY 

#5£SS52SSSSs 

SaaranssstsSS 

The development of optimization algorithms has -w-s .t. 
cost of estimating performance of bSE^JX ISS^JSS 

conducted. ChlC CS> “ d * Ik>w * d many ^c ^udied to b2 
The POSTOP capability (solution verification / parameter 
h yS,S £ and auWtBatic «^ng algorithms^arcnew 
* bcgun t0 reduce *e time required to solve 

SJuied iX* 8 *"***> rcducc «** eff °n 

GTS^^fnexibilriv'WrSft ° f ft anaJysis **"«" ^ 

rssSSSr MM 

schemes for trajectory /“ hide desigT “ COmpare altematc 
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Figure 1. The delta wing designed by Schmit and Fleury required interleaves at several locations 

including Section A-A. 
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figure 2. The Intermediate Co “P^"> Wing was designed using ASTROS, but interleaves 

in several locations, including Section A-A. 


were required 


^uiiccpi oecause tne constraint is linear function of th» — " 7, “7'" vv " • liU » mcuioa is simple m 

design variables be a constanttlicES^Z S*"' vanab , les - '*, rK l uircs ’ however, that the 
scheme in which the thicknesses are descrit*vth!f a °!? amina *f* II precludes the use of an optimi radon 

multiple optimizationrins?Sofen V £Sfr funcUo "-, ™* -"“hod Quires 

function optimization scheme. ^ ^ gCT umber of design vanables than a continuous shane 


continuous shape 


progran^^'^o^m^it^struaures 1 fnrTv^ f cve f lopment . of ASTROS. This multidisciplinary 
structural response, providing potentiallv greater TZ ° f con * trai " ts * . II uscs the finite element method for 
Reference [ft AsfiS^S *SSJSSM pl ,f C ““** UScd * 
be added without modifying the existing ASTROS roH^ °1 lts . mod “ lant y- II allows new subroutines to 

constraints on tire design variables, and it was used to appfy ta!X£g£tXr ^ dte “ 
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MATHEMATICAL DESCRIPTION OF INTERLEAVING CONSTRAINTS 

i n nunt^tinn must incrc&sc if the totfll thickness increases 

"^“al thicknesses of two adjacent tones, 

and (tn)e° are the thicknesses of ply orientation 0. 


if ti <, t 2 then 


if ti ^ t 2 then 


(ti)0° * 

(tl)45° ^ 
(tl)-45° ^ 
(tl)90° - 

(tlX) 0 ^ 
(tl)45° ^ 
(tl)-45° * 
(tl)90° ^ 


(t2)0° 

(t2)45° 

(t2)-45° 

(t2>90° 

(t2)0° 

(t2)45° 

(t2)-45° 

(t2)90° 


( 1 ) 


Th* Hiffimlrv with this tvoe of constraint is that it is conditional. Each condition, if feasible, will give a 
unique optimum wight mcot^tonfc of 

SSSo^fean^tge insider a four ?ne laminate with,»ron«Jong the span and two 
rones along the chord. The sixteen possible constraint combinations are as follows. 


10 : 

11 : 

12 : 

13 

14 

15 

16 


ti^t2 

ti^t2 

ti^t 2 

tl^t2 

tl S t2 

tl^t2 

ti^t2 

ti^t2 

tl ^t2 

tl £t2 

tl ^t2 

ti^t2 

tl^t2 

tl^t2 

tl £t2 

ti^t2 


tl^t3 
tl^t3 
tl^t3 
tl^t3 
tl ^t3 
tl ^t3 
tl^t3 
tl^t 3 
tl^t3 
tl £t3 
tl^t3 
tl^t3 
ti ^t3 
tl St3 
tl^t3 
tl ^t3 


t3^t4 

t3^U 

t3^t4 

t3^U 

t3 £ t4 
t3^t4 
t3 ^ t4 
t3^U 
t3^t4 
t3^t4 

t3 ^4 
t3^t4 
t3^t4 
t3^t4 
t3^t4 
t3 ^t4 


t2^U 

t2^t4 

t2^U 

t2^4 

t2^t4 

t2^U 

t2^t4 

t2^t4 

t2^t4 

t2^t4 

t2^U 

t2^U 

t2^t4 

t2^t4 

t2^U 

t2^t4 


( 2 ) 


For a twenty zone reauSed. ^'rrewmt'w^Ktlwsdi^'proWemis rofot^^op^mmwlut^tf^ 

constraint combine . *S9 hest of these solutions would be the true constrained optimum. It can be 

all constant ^^£3'S t °^^SSS^ons can be solved, while still providing the 

engineering optimization problems, which often require the use of standard cross-secttons for beams or an 
integer number of reinforcing rods for concrete [5J. 

For the laminate optimization problem the top of the Branch and Bound tree is the unconstrained 
optimum, as shown in Figure 3. The term unconstrained refers to the constraints of expression (1). 
tree branches to the constraint t, fi t 2 , and to the constraint t, 21 ? . Addtotnd « >dd^“^ 

the bottom of the branches conespond to the ft£d 'now Se o5i“ 

bmete “t£S^ expSfSrS^ ^ "* •<*>• If any of these nodes near the top have 
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guess at the best constraint combination can be 
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Figure 3. The branch and bound method reduces the number of constraint combinations 

analyzed. 


that must be 
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ASTROS MODEL OF THE SIMPLE WING STRUCTURE 

~ ACTROS Simole Wing Structure (SWS) was chosen to evaluate the branch and bound 
melhodThe SWS, shown in Figure 4, has four zones of u nique A.ckness on^e wng stan^E 
has four design variables, conespondmgto ^ Z model, and the 

bottom of the wing are symmetric. A Simula rir^disnlacement less than 10 inches, and a wash-out 

np^foT^Tr EKtf S Tsai-Wu swss constraints «re also applied to the composite 
skins. The Sickness of the aluminum understructure was not allowed to vary. 


TOP VIEW 






sm 



aerodynamic 

LOAD 


SIDE VIEW 


DIMENSIONS IN INCHES T 

RESULTS 

Each circle shown on the branch and bound tree is called a node. The ^ f u?5w^es ° Node 27 
^“^o^l N m te&^n“„tgr 5 : ^e^rtwodesigns are show below. 

fo= 9.36 lbs 
f 27 = 9.77 lbs 

This indicates that a 4.4% weight penalty-issm^difcoSLnt 
SIS are — from Zone 1 

and Zone 4 to minimize weight and satisfy the aeroelastic constraints. 
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tgure 5. The fini step to toe Branch and Bound method is to calculate the most likely feasible solution. 




Figure 6. Ply thicknesses of Node 0land Node 27 show how toe thicknesses change to satisfy 

interleaving constraints. s y 

constrained optimum exists.^gure 7 showsto^ ° f * e tree t0 find out a better 

other brandies. Node 1 converfed to an optimum weigh f oH ffisThT'rhi?™ c< f es P° ndin g » the 

and additional constraints on this problem would oniv 19 ' • u wei S ht was greater than f*, 

extending from Node 1 were disregarded Next the y 1 "f r ^ ase . wcl S ht * Jhus all branches of the tree 

disregarded. Next, the optimization run of Node 5 was performed, and it 
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■ v f n f IQ 25 lbs. Since the optimum weight of Node 5i was greater than f*. 
converged to an optimum weight o ' j j the ootimization run of Node 14 was 

all branches extending from Node 5 v ( ere f {q jq since the optimum weight of Node 14 

performed, and it converged to an d££W Next, the optimization run of 

was greater than f*, all branches extendi g ootimum weight of 10.09 lbs. When Node 28 was 

rsa- a was <*-*.» ». 

Node 27 is the true optimum solution. 
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CONCLUSIONS 

. The branch and bound method of optimization is time-consuming, but it rigorously finds the true 
^timum solution. The major benefit is that it reveals a more practical method of reaching^ feasible 
solution that may be very close to the optimum. The practical method uses a combination of thickness 
constraints that corresponds to the total thicknesses of the unconstrained solution. This simplified wav of 
obtaining a manufacturable design may be appropriate for large optimization problems. y 

The resulting design using ASTROS with interleaving constraints is slightly different from the 
design .ha would be obtained by a heurisdc method. For bod. methods. mmrSXs ^ 

lha a ‘ C „ k ' r ““I 1 ' 8 ™* constraints. ASTROS then takes other plies out of the lambSe 

that are not needed because of the presence of the extended plies. 

that san^ toTS’fSIe'ZS!' 1 * fiV ' ® im ‘ k " s - Convcr 8 encc was for tons 

comprehen^«docuniCTUidom OS Straigh ‘- forwani due 10 ^ of code and die 

ACKNOWLEDGEMENTS 

The authors would like to thank the Texas Board of Higher Education Advanced Technology 
Program, which provided financial support for this research project 


REFERENCES 

[1] W A. Rogers, W. W. Braymen, and M. H. Shirk, "Design, Analyses, and Model Tests of an 
Aeroelastically Tailored Lifting Surface," ^Aircraft. VoL 20, No. 3, March 1983, pp. 208-215 

5 C a?a C ' Synthesis by Combining Approximation Concepts and Dual 

Methods, AIAA Journal, Vol. 18, No. 10, October 1980, pp. 1252-1260. 

[3] E. H. Johnson and B. J. Neill, "Automated Structural Optimization System 'ASTROS' Vol 3- 
Apphcations Manual," Dec. 1988, Air Force Wright Aeronautical Laboratories, Wright Patterson AFB, 


[4] M. L. Balinski, "Integer Programming: Methods, Uses, Computations " 

12, No. 3, November 1965, pp. 253-313. 

[5] ICF. Reinschmidt, "Discrete Structural Optimization." Journal of Struct 

No ST1, January, 1971, pp. 133-156. W w 


:ment Science. Vol. 


>ivision . ASCE, Vol. 97, 


561 


N94- 71495 



OPTIMAL DESIGN OF CONTROL SYSTEMS FOR 
PREVENTION OF AIRCRAFT FLIGHT DEPARTURE 


C* Edward Lan and Fuying Ge 


2004 Learned Hall 

Department of Aerospace Engineering 
The University of Kansas 
Lawrence, Kansas 66045 


Presented at the 

Third Air Force/NASA Symposium on 
Recent Advances in Multidisciplinary Analysis and Optimization, 

San Francisco, California, 

24-26 September 1990 


562 




ABSTRACT 

.. C P ntro1 8 y sten > design for general nonlinear flight dynamic models is a 

SLursLS .‘•iL^srss? 

fall' 31 ! "° nUne " fll 8 ht dynamic equations with “onll^r aerodyn^!lcs S are ^ e rl- 

are then idlntifi ^ jJ yn ® mic characteristics needed in the optimization process 
configuration S*2SSS.J2."“° 4 ' ** ^ *««*« *« « >■» 

introduction 

At high angles of attack, the aerodynamic forces and moments are, in general 
time-dependent and nonlinear functions of motion variables. In addition ft,® ’ 
aerodynamic, kinematic, and Inertial coupling pheno^Sa importtotto'tjehlvh 
ngle of attack flight dynamics of modern aircraft. One feature of a hivh ninhf 
“ *»!'-*• ' ha «• utilization of sever”co^l“lurfScS £ ph * 

concents toll T 5°'““"“lions, 4 » u « b « of high angle-of-attack control 

current approach to solve this problem Is by e*fe„slve P pll3'.Ww^'lref. 5). 

Methods in optimal control theory represent possible approaches to solving 
^ T ° hlei ^ s ^ nder con8id ^^on. However, computational methods in existence 
n^WelsT U " earIlat ;«" °‘ equations snd aerodynamics. Another alter- 

a“ f~lleMll P llLT er l optimization techniques without linearization as they 
. - - ^ ^ n structural and aerodynamic designs of large systems* A 

similar approach has also been used in other control application? in^ef. 6. 

vrad Jn.-« h ! a re . 8ent : “ etl )? d * a nu ®«rical optimization technique based on conlueate 
^t^Lirth^^L^i^i-^J-io^lf the^nonlinear T°Pf 

Sl ™\ ri ys i ‘ r hod ^ to tr ° viie £ssiljit 

process. Since the analysis method can deal with nonlinearities in the dynamics and 
rati^rlrl^ T ** T 86neral COnat ™ iata on the control system c^igu" 
very rU^t^"^ eltecUve? 3 ^ * ”""" lcal 0p “" lz * tl »" ^chnlque can be 

. n de ® on ®trate the present method, design of control systems to prevent flivht 
par ure at high angles of attack in a maneuver will be considered. Since results 

dLi™ ^ 3 ”° nlinear system tend t0 depend on the initial data to start the 1 

will^be^illustrated apP ”P rlate lnit ^ al values of design variables can be chosen 
will be illustrated in this paper. Some results of the present method, without 

coaaldarlag eh. efface of Initial value, of design variables. ha« tin ^Leafed la 
DESIGN METHODOLOGY 

At high angles of attack, the main flight dynamic problems are pitch deoartur# 
and lateral-directional instabilities. These problems are ««SaJ2ed b? t2 rllZL 

nonlinear^6-DOF V f 1 ieht d^ 0 "/ mathe “ atlcal P olnt of vi «»» the problem involves 
momin^ I 8 dynamic equations with nonlinear aerodynamic forces and 

nonlinear ^am'^aUo'SsI ^ nU " eriCal integr * tion of tha ^^owing 
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t. 


m(u - vr + wq) - mg + F + F . 


x A T 

XX 


m(v + ur - wp) - mg + F A + F T 

7 y y 

m(w - uq + vp) - mg + F a + F t 

Z Z 

I P - I _r - I v _pq + (I . - 
xx xz xz zz yy 

I q + (I - I )pr + I (p 2 ” r > 

yy xx zz xz 

I r - I p + (I " I )P<1 + I xz ^ r 

zz xz yy xx xz 

(jj m p + q sin<t> tanQ + r cos<t> tanQ 

0 * q cos - r sin4> 

m (q sin4> + r cos<t>)secQ 

a * tan *(w/u) 

— 1 2 2 2 
0 * sin (v//u + v + w ) 


l a + h 


m a + «t 
n a + *t 


(la) 


(lb) 


(lc) 


(Id) 


(le) 


(If) 


(lg) 

(lh) 

(ID 

dj) 


(lk) 


where (u. v. w) are the three linear velocity components of the aircraft; (p, q. r) 
are the angular velocity components; and ( <fr, 6. *) are the Euler angles in roll, 
pitch, and yaw, respectively, g is the gravitational acceleration, and F s are the 

external forces, while (L, M, N) are the moments about the (x-, 1~* *“> a *® s * } n 
addition, m is the mass and I xx , I xz , etc, are the moments of inertia. The sub¬ 
scripts A, T denote the aerodynamic and thrust forces and moments, respectively. 

The aerodynamic forces and moments (F A , I* A , M A , * A ), including the control effects, 
are represented in dimensionless coefficients in a tabulated form as functions of 
motion variables in this study. The motion variables are (u, v, w, p, q, r). The 
results of the integrated motion variables are then used by the optimizer (ref. ) 
to determine the best strategy of control. 

To be more specific, it is desirable to minimize the sideslip (6) in a maneu¬ 
ver. kt the same time, to have good tracking ability, the maximum transient a 
response (a ) and maximum change in yaw angle (^ ma „) should be minimized. To 
prevent spin entry, the maximum yaw rate (r ) should also be as small as 
possible. Therefore, a possible objective in a roll maneuver is to minimize the 

following objective function: 


OBJ « ~ c iP ma x “ C 2 a trim 


max 


+ € 


max 


+ e 


max 


+ e 


r | + e 
max' 


+ r. 


max 


(j> I + e 
trim 1 


( 2 ) 


subject to various constraints depending on applications. 

define the limiting angle of attack to be discussed later for application to an F- 
16. The constants, C, - C g , are weighting factors to be chosen so that all term 
have the same order ol magnitude. e is taken to be 10 7 . The control system 


magnitude 
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the “optimizer^ Si”"**’ ^ ^ P ° S8lble desl * n triable, to be determined by 

aileron-rudder interconnect gain (K^), 

aide acceleration feedback gain (K ), 

yaw damper gale (K r ), roU damper gill (K ), 

Pitch damper gain ( Kq) , angle o( attack fa P edback ^ (r 
normal acceleration feedback gain (K ), ° ’ 

roll control deflection feedback gain^R.), etc. 
where is defined in 6 

'a * *. - V 

max ( 3 ) 

3tr a l„t a rl ^h CO a?L r c t 1 \ t L C res u b ^sTd e 'l„ i V h Le C «m a d tt r' *" gan<iral - eon- 
imposed. ana can be identified from dynamic analysis can be 

NUMERICAL RESULTS 

the F-U is'unatabie tZpttZ.Z'ZZ of‘pu"“h IO ” 0btalaad fr °" «*• »• Since 
cern. The control system includes an angle-of 8ysteo ls of major con- 
system. In the o-limitine system v f Ct k/normal ~ acce leration limiting 

feedback is defined as * 7Ste,a ’ th * pitch contro1 ^flection (6 e ) due to S“2 


6 A a-feedback) 
6 


K a - K 
a c 


(4) 


W.000 Ft altitude. The ee.umed 

method iTobUl^^rlugh'^^^'ee^UiuuVr'r r r f ableS USad Ia ■««« 

the lg M Var f ableS ar ® 8 y stema tically varied in lan/^ th * C ° de * That ls » the 
he objective function is then used to determine ft lncren,ents and their effect on 

assumed ^as 'follows: Pl ''° tal arou " d these 


‘ARI 


1.05, 

3.6, 


K ay * 16., 


K c " 5a * 


az 
K 


0.3, 

0 . 2 , 


K r - 0.6, 
K - 3., 

a ’ 

0.2 


. B a‘ S fol“„s tbeSe reSUltSl tba values of thelsCvarlahtes are them choseu 


k ARI “ 

K q" 

K 


0.9, 

3.8, 

10 ., 


K ay " 18*. 
k az " 0.5, 


0.06, 


0.4, 
2.9, 
0.2 


of design variaWes. tlV ?ak?ng t C° n » <1 0. f M8 d 0 ° of £“ a . 8har * minlmUm in the 8 Pace 
C 6 - 0.008, C ? - 0.7, and C„ - 1 , o ^hf’ % ?*° 5 ’ C 3 " ia0 » c 4 - 14.0, C, - 0.01 
illustrated in Fig. 3. 8 * * variation of the objective function is 
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As an application of the afo [® m ® n ^°” e ^euver U for > an F-16 configuration will 
gains to prevent pitch depar ure al coup ii n g, the presence of roll rate will 

be determined. Note that ue oroblem worse. Note that cttrim in Eq. (2) s 

induce additional pitch-up to ma ® ^ P thc whole time period, it is tohe 
defined as the average angle of attac airp i ane . The roll control is applied 

maximized while maintaining sta ults shown in Fig. 4 show that no departure has 

between t - 22 and 34 sec ‘ ^attack ^ a 4 - 24.5 deg. In this case, 
occurred and the final angle of attach is 

p * 62.0 deg/sec. 

The calculation J° nver * eS ^^Q^^^airplane wil/trifa!! Wangle of attack equal 

. i (.(.i Qtartine values for the design variable 
To chock the coovorgooco, t^lnl ^ d resulc a are still the same, 

are slightly ^““ded. However^ sslb i e one. 

showing that the solution is tne Des y 

CONCLUSIONS , . nonlinear flight dynamic analysis code 

A numerical optimizer was coupled wit preven tion, the design objec- 

to form a control system des gn me • transient angle of attack, the side- 

tive was described in terms of minimizing maneU ver. To make sure the 

slip, the yaw angle, and the yaw ra e^ starting values of the system gains 

converged solutions were the^slysis. The design method was demonstrated 

were obtained through a sensitivity analysis 

Tor an F-16 configuration to prevent pitch departure. 

REFERENCES . Van Cnnat R. W. "Simulator Study of 

'• sissii - concept910 -T 

Sweep Fighter Airplane. NASA TM X 9 » "Simulator Study of the 

llghtweight'^Flghte^Airplane Vertical Telle,. 

1. S&S.W, tic*Conero^Syste.'Designed" to^i^rove^che^High-Angle- 

Effectiveness of an Automatic c C ° Mrplane." NASA TND-8176, 1976. 

of-Attack Characteristics of a * igh ^ v £ t Jg ation of an Automatic Spin Prevention 

4. Gilbert, W. P.; and Libbey, C. E. Invest g ^ 

System for Fighter Airplanes. NASA TND-66 , „ x S y 8tem Techniques for 

5. Nguyen, U t., < Mlbert. ^rcSft." /hSA TP-H8D, 1D80. 

Improved Departure/Spin Resistance a "CONSOLE: A CAD 

6. Fan, M. K. H.i W.ng, U S.i Konlnckx. J., *” d „ 8 «r-s„ppll«d 

Tend., lor Opel.lratlon-Based pacts m the Control of Flexible 

Slmuletora." Horkehop onConput.tlon.1 Aep.cc. 

Systems, NASA I M "i° 15 . 7 .?oPES/ADS--A FORTRAN Control Program for atio _ 

7 - £££"&.? tS; ADs Sti.lt.tlon Frogr..." Engineering Design Optl.lz.tlon, 

Len*, * ; ‘and* Ge, F. » £ 

C Z^irT *^:.; e8 ciSe f r°.ncrou^ £o. f l' Co.putetlon.1 Control. iPh Publication 

89-45, Vol. I, PP* 394-406. Stall/Post-Stall Characteristics of a 

9 ' Fighter MrpUnfwJ* Relixed^ngitudinal Static Stability.” NASA TP-1538, 
December 1979. 


566 




Trim 


e,pilot 


(deg) 


deg/sec) 



5 (deg) 


a -1 
z 


:deg)7_ 5 o 


s + 50 


-I c 


s + 10 + 


t *0.5 sec 

q 

deg/sec 

6 d 

L 5q* 4 de 8 

t * 0,04 sec 
a 

L * ±25 deg 


Figure 1 Block Diagram of an Assumed Pitch Control System for 

an F-16 Configuration 


max 


(deg) 


16.0 


8.0 


0.0 



0.0 


40.0 


max JO.O 


0.4 


0.8 


1.2 


'API 


1.8 


2.0 



Figure 2 A Sensitivity Analysis of the Effect of System Gains 

on Dynamic Characteristics 









Yaw Angle (deg) Roll Rate (deg/sec) Objective Function 


-1 


0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 

k._ t 

ARI 

Figure 3 Variation of the Objective Function with K ARI* 

K =15, K =0.6, K =2.8, K =0.4, K =10, K =0.09, K =0.25 

^ ■■ * ^ d 1 ! ^ ^ ft 


k aot K k 

ARI ay r 

0.77 10. 0.6 

0.77 10. 0.6 


K K K K 
q az a c 

3.4 0.3 3.1 11. 

3.4 0.3 0.0 0. 


0.09 0.25 
0.09 0.25 


-30 


-100 


180 


Figure 4 


TIME (sec) TIME (sec) 

Design of a Control System to Prevent Pitch Departure of 
an F-16 Configuration in a Pull-up and Roll Maneuver at 
M = 0.5 and h = 30,000 ft. 







ACTIVE FLUTTER AND GUST RESPONSE CONT Dnl 


J S i - 


N94-71496 


MULUNEH OLI 

Laboratoire d'Aeronautique,Universite de Lidge,Belgiqueo 

! ■ 




After a short recall concerning the aeroelastic 
equations, active control lav based on optimal 
stochastic control theory is synthesized for 
a wing flutter and gust response. Robustness of 
of the control system due to structured and un¬ 
structured uncertainties is considered. Robust¬ 
ness recovery technique is applied to improve 

the stability margin. 


INTRODUCTION 

In the last three decades enormous progress has been made in the 
field of structural analysis and numerical aerodynamics. This 
has allowed to build yet lighter and more flexible aircrafts, 
but the flutter phenomenon continues to be one of the decisive 
aircraft performance limiting factors. The concern of this 
paper is to study the control of flutter and turbelence response 
to enhance the performance limitations. 

A sustained oscillation of the wing in motion involving its 
vibrational deformation due to the positive work done per cycle 
of oscillation by the aerodynamic force leads to the flutter 
phenomenon. To make sure that the phenomenon occurs out of the 
flight envelope, active control system is being used. The 
physical purpose of the control system is to generate 
aerodynamic forces using of control surfaces to compensate the 
adverse acting aerodynamic forces on the wing to keep the 
aircraft stable and reduce load. In establishing the control 
system stochastic optimal control design process is used. The 
task of the control system is to find the control variables that 
would drive the system from a state-space point in a Euclidean 
space at the initial time to a point at the final time along an 
optimal path. 

The design model used to derive the control strategy, which is a 
simplified version of the actual model, is obtained by 
neglecting some of the modes and fixing some of the parameters 
at nominal values. Robustness of the control system due to low 
and high order uncertainities will be determined and a recovery 
technique will be applied. 


AEROELASTIC EQUATIONS OF MOTION 

The elastic wing is considered to be linear which can be 
discretised as n points material; so can its equations of motion 
be formulated using Lagrange's equation of motion. The deformed 
shape of the wing is represented by a set of discrete 
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displacements at selected nodes which is approximated by a 
linear combination of the natural modes of vibration. 

_ q = $ q ^ ^ 

where q is the generalized displacement vector, * is the modal 

shape matrix and q is the modal coordinates vector. 

M*4 + Dd[ + Kq=F ^ 

The modal shape , mass and stiffness matrices $, M and K 

respectively are generated using the finit element method. The 
nonconservative generalized force matrix F consists of unsteady 
aerodynamic forces due to motion <V control Q c and atmospheric 

turbelence Q fc . The Laplace transform of the aeroelastic system 

equations of motion (2) is 

(Ms 2 + Ds + K) q = \ p v 2 Q m q + \ p v\s + i p v 2 Q t ^ (3) 

where 5 is the control surface coordinates vector and wt is the 
atmospheric turbelence vertical speed. 

The unsteady aerodynamic generalized forces are detemined using 
the subsonic doublet lattice method as follows. The lifting 

pressure - downwash integral equation (4) : 

w(x,y) - JJ AP (x,y) K (x,x i ;y,y i ) ds (4) 

derived from the hyperbolic acceleration potential equation of a 
subsonic flow for a thin finite wing is discretized into linear 
algebraic equations 

w = D AP (5) 

where D is the influence coefficient matrix representing the 
downwash at a point (x,y) due to a unit pressure difference AP 
at (x ,y ). The downwash distribution is related to the wing 

modal coordinate vector and the pressure coefficients are 
evaluated using the corresponding modal deflections. The 
generalized unsteady aerodynamic forces associated with each 
generalized coordinate is 

( 7 ) 


V ik) 


- ( 52 ) JT qi(x,y) Apj (x,y) dx dy 


where s=ik ; k is the reduced frequency. 


To cast equation (3) into the state space form , convenient for 
the control design, the unsteady aerodynamic force matrix 
obtained- in the frequency domain is approximated by a rational 
matrix polynomial [7] 


Q (s) - A* + A ( 


2V 


) + a 2 ( 1 ? )2 + i AnH - 2 s 

tr-i s + 2 v/c /Sin 


( 8 ) 


The coefficient matrices Ai are determined using the least 
squares technique. 


CONTROLLER DESIGN 

A state space equation has been constructed including flexible 
modes , aerodynamic lag modes , dynamic gust represented by the 
second order Dryden model and actuator dynamics. 

X « AX+BU + GW ^ 

Y = C X (10) 


570 


TL i |pt\ m Ii rbel t nCeSt *®° t " 0 ^ vU ' e R i ”i S a a £e ntr01 vector > We 

(1 1 Ptlmal control that . lni ,i,. s a 

sub- t J -E f(X T QX+U T RU)dt (11 ) 

To make the controller* of i * 

reduction technique i s ° £ to s h co ”P le wfty a controller order 
method [3] is used in here £or thf . applled - The modal coit 

storh^f 1 - tanking based upon relative 5 *' used to make 

technique Uyin| 

observable so as to assurTt\Tsta£!i^ 

model uncertainities and robustness 

One Of the principal obiectiv«= 

compensate for model 3 u^certai^t" 9 feedback control is to 

To fi e nd th th fr ° m ne ^ le cted dynamici oj nar am M< i del unce rtainities 
To fmd the robustness of a ™*.J? r , P aram eter uncertainities 

n^ rU £ tured uncertainties S- systera with respect to 

perturbationg are introduced at d /!?A tlVt L , or multiplicative 

miM^ 3 robustness a t a point inaliH^ breakin g points, 
rr? 1 ? 0 ) system does not neces**rf-., multi-input multi-output 
structured uncertainities in ha>- y result at other points 
wing structural inodes here are due to ignored hiSK; 

f, rder conCr ° 1 Emm. wSJ?^as°*s?rS?" iC ; appr °wimations 9 aM 

principaHy due to the natural frem^f ? tUred uncer tainities are 
In terms of the loop transfer requecies and dynamic pressure 
given as follows function the uncertainities are 

G(s) - G_(s) + a ar*\ 

( 12 ) 

a m ■ ak w w*. a a + 

where g 


G (s,p) - G n (s,p) + G(s,Ap) 


(13) 


vecteur of uncertain 


n rs nominal loop gain, p is a 
parameters. 

. % 

Robustness of a mtmo 

va 1 ueof""W 6S is eval uated tai n terms b ° unst ructured 

alue of the system's return f the minimum singular 

Enterprated as the dlstance*?.tt«„‘ r „l nce Mtrilt ' which can be 

and the nearest sinqular ma+^5^ en the ret urn difference matriv 

perturbation which can be tol er ate°d *• the l«g“? 

stabrnty of a perturbed sys^^a^Ae^, ^ 3 l0 ° P ‘ The 

Z ( I + T ) >?fL“ 1 -Ti 

Where rn • 1 ) VtJ >0 /-..i 

Jfri* to acco U e nt n ?or na t l h« 1 un°lertt 1 init nd - L iS the p «turbation 
s perturbation matrices cannot- k ln bbe °P en loop system. 

the tUrba ^ 10n nor m bounds are used for exactl y determined the 
the perturbation matrix assume* f tbe anal y s ^-s. The bound on 

magnitude applicable to all IhJnnell W ° rSt unc ^taini?J 
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ROBUSTNESS RECOVERY TECHNIQUE 

.. all ctate variables are accesible, linear 

relators have impressive 

reduction J&tfTSS ^‘“rfabfe?” eleriiiatts 8 ’thl 

estimate the unacces ^ syst em. Minimum phase plant's 

robustness of the con sy^ /W j.th respect to model 

robustness which is not recovered at different points 

uncertainly can b ® * si ^ /LTR rgf technique. Yedavali & Skelton 
of.the loop u “^ or C v h \ “ B Y“vity approach 1 ,nd Hyland S Bernstein 
using the trajectory s have treated robustness with respect to 

using the ent r°Py*® th internal feedback loop technique of 

parameter vanation. Th int rn purpose. The parameter 

Tahh Speyer.is here^ in P to P input , output and 

variation matrix , icit relationship between the LQG 

fictions feedback loop. An explicit Ration c p the parameter 

weighting .“' at ““ plia S aa 1 The Regulator or the filter part of 

SrSg 0 Sont S roller b \s S asynptotical ? ly robus«fied ^h respect to 

the parameter variations udjusting the weighting matrices. 



Fig. 1 Representation of the perturbation system 


nxp 


(15) 


R R is 


A A(p) = -M L(p) N 

where p is the vecteur of uncertain parameters. M e R 
N e R** n . The covariance of the process noise v ^- r 

chosen so that M is column similar to R ie. JP®" I*” } ^bSStliiss 

IT determined ^rough^Ke ‘ regulator gain ^ 

r"lnr u s b %r% P er e chSce 0 o h f “ha^rHLfUrik and thi 
weighting matrix in terms of the input/output perturbation 
matrices M & N respectively. 

EXAMPLE AND DISCUSSION 

The finit element wing structural model consists of rod and beam 
elements. It is known that the flutter phenomenon dominantly 
involves the lower modes, so are only three lower modes retained 
for the control analysis and synthesis. The aerodynamic model 
(lig 2) consists Y of 140 boxes. Unsteady aerodynamic 
calculations are made at a flight condition of 0.7 mach , 
altitide of 10 km and 6 reduced frequencies. The aerodynamic 
force rational polynomial fits are given on fig. 3. The initial 
w<»iahtinCT matrices are determined using the inverse square of 
th*>^maximum allowable states and control variables. The system 
beCT simulated for different values of the weighting matrice 
coefficients. Displacement, velocity and acceleration sensors 
«e used to measure the outputs. The open loop flutter speedcf 
the system (v- 260 m/sec) is sensibly increased (20%) when the 

control system f is activated. Open and closed loop power spectral 
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tUrbel — of scale, 

can conclude that the active' fll.f"' 15 ^iven fig. 4. 0 n 4 
response control tre “ and 9ust 

concerning the flexible modes. lated to one another 

at the input is used to determine «•difference matrix 

perturbation matrix bound (worst <5Tse in*??! acceptable 

which stability is guaranteed ,11 JL? 1 * the c T hannels ) up to 

margins; pm = +5 - a „ d cm - , ( , 4) *. The guaranteed stability 

multiloop gain and phate margins '[Sjf “* deter " ined fr °- the 

i? P , ly Tah *' a met hod is the 

efficiency of this method gets reduced sfnL 4 ^ . C ' the 
higher'inputs'tmd 00^"^“°"' P art icularly for a "system 0 o? 
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An Application of Object-Oriented Knowledg 


cO / 


Engineering Expert Systems ^ 


by 


D. S. Logie, H. Kamil and J. R. Umaretiya 
Structural Analysis Technologies, Inc. 

Santa Clara, CA 

Abstract 

CTgiStag exMrt ob‘ e ^° W ^ representation md its application to 

of the nrohlem If ■! „ * bj f ct ' onented approach promotes efficient handling 

base^ule b^d kT 1 ^ Iemented 35 * to ° l for building and manipulatkgTe^bjec 1 ! 

. Rule-based knowledge representation is then used to simulate engineering 

r P s o^zin co r°; °!f ct base ’ ve ^ sys. 

ign and optimization of aerospace structures is discussed. ^ ’ 

Introduction 

P‘'“ rien - ed approach is teing applied to the development of an integrated 

of ^erofpa g cT:,™Lrt Wa ^ PaCkaE t f0r ^*“« ““&* “ d design ophSon 

tw ,. 5 e structures. The expert software package brings together several 

w t- g :i S ’ 1 ! ame y» ex P ert systems, data base resources and procedural programs to 
work together in an integrated environment as shown in Figure 1 ^ionifiil • • 

^uppor. is beingbnnt into the package whicht,™ “InvoW by tteutratv™ 

“intelligence” wilUm^ve lntegr f*° n f ** design process with embedded 

emgence will improve the efficiency of the design process, help save significant 

man-honrs and costs, and help produce reliable and economical des^s 
The main goals of the research work presented herein were to: 

□ Develop a practical and efficient environment for the development of large 
expert systems, pnmanly for engineering applications, and 8 

ni ^ ient t0 aeros P ace design process involving the iterative 
steps of the fimte element analysis, design and optimization. 
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. e l'minarv review of the data and knowledge usually required for structural 

S i?“K* the following two main capabilities were requued: 

□ An efficient data representation and storage scheme, and 

□ The ability to process large numbersofmles necessary to simulate reasoning 

associated with the various steps of the design pr 

It became clear that the ° b i"^ « 

defining the static P^ b ' e ” d f^ Wding, maintaining, and querying an 

therefore implemented in C as . nlprne nted include those for creating, 

object base. ORL commands, cure y £ • asserting, and reseting property 

editing, and displaying classes andobje , 9^ * development was to keep 

« - »r=s 

could Lily utilize the resulting expert systems. 

Once the objects (data) involved “d the^etatioi^ps be 

developed*' ThfcUPSjuleW system t I“J,d mle-ba^d Schemes complement 

each other in that the object-onened Alone, the object 

the rule-based knowledge is used to simulate datastorage scheme; however, 

fbrdahTand'mimodify'the'objec^base'vdthmmpleteaccess to all the functionality of 
the ORL from rules. 

Object-Oriented Knowledge Representation 
Object-oriented knowledge ^ S ob^^ 

problem data as a collection of ^ d ° b J e f^ C ‘^ u a slot f 0 r holding values of 
descriptive properties and <L lot^anbe attached to a property to put 

constraints on the values the property can hold, to define uut^ ^ rf & 

to define the prompt displayed to e use ^ ^ de j- ming th e search path to be 

“ wht 6 ;°: *j«t property 

PrS Ptogrls are being developed. 



relationships include S®* 5 ? and ob i ects - Types of 

instance, is-a and subclass relationships between clasps Te^Tt™ * ^ and its 

(eg-, wing-x is parf-of ai™ U n tv ' u reIatl t 0n5 !>^ between objects 

relationships come into play when the’ classes wi "g-x)- The 

queried for a property vrdue* it will ?? d bjeC ‘ s “* queried. If a class is 

pass the query on to related objects accord the current bihL'y*™ * haVe ’ “ ma T 

red“ c r apabmty Prom0teS effident handling 0fdata * eli2^“ 

representation scheme Independent onhe*^ 'i” 51 "/ “ object-oriented knowledge 
engine, is the “ d infere "“ 

specific tasks. Also previouslv ..tS? y ‘ of smaI1 mle *ts that cany out 

communicate through a^om^on obiel b!2°A *?*? V!te ?“ ““ share data and 

developed giving the illusion of a large expert system r^hfn "to fo° r* of rule sets C£ul be 
rules are being processed at any one time VhiT llii ,! ,.’ 0nly a sma11 “* of 

platform. * Developing modifying 

«... «u j , 4 


Application to Aerospace Structural Design 
operational and others a^Jde“opm^:' * ™ le »» 


Analysis Planning 
Substructuring 
Mesh Refinement 
Element Selection 
Dynamic Modeling 
Optimization Problem Formulation 
Optimization Problem Simplification 
Optimization Algorithm Selection 
Interactive Design Optimization 
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A simplified version 

properties that influence the decision decision is solely based on the 

"tt £* 2^3252?^^^^ imposed on 1116 "*• objects 

for the expert system could be defined as follows. 

OBJECT goal 

PROPERTY type TEXT 
METASLOT 

Allow ( _ 

1. "Initial Design 

2. "Final Design ) . . Proiect^ " 

Prompt "What is the current goal of th 3 


the Project? 


OBJECT structure 

PROPERTY loading TEXT 
METASLOT 

Allow ( 


Allow ( 
1 . 
2. 

3. 

4. 

5. 

Prompt 

structure?" 


"Pressure 

"Thermal" 

"Aeroelastic" 

"Aerodynamic" 

"Impactive" ) 

"What loadings are imposed on the 


OBJECT analysis 

PROPERTY type TEXT 
METASLOT 

Allow ( 

1. -Sta 

2. *Dyn 

3. 'Dvn 


"Static" 
* Dynamic 
*Dynamic 


Time History' 
Modal" ) 


Rules are then defined to reason with the vd^uSe* *!mknowit Other rouTare 

values, automatically query mg e user Most impor tan tly rules must be 

shown in the CLIPS syntax, might look like. 

(defrule rule-name 

(goal type "Final Design ) 
structure loading Aerodynamic) 


= > 


(ORL assert analysis type 'Dynamic - Time History') ) 


This simple, illustrative rule states thatj'^fthe'n ^TUn'e Hktoo^amdysls should be 
the structure has an Aerodynamic loading then a lime History 3 
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performed. The actual AnaJysis Planning Advisor has 
witn many more possible values. 


several more objects involved 


Conclusions 

which was linked to the^Lff^mk w*? ob -j ect ' or ‘ e ! lt ® d knowledge representation 
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Abstract 

The subject of this paper is the efficient and accurate determination of second-order desitm 

Zl™ Vltle 5 in - ela . sdc bodi ® s - Thf approach being carried out here is the direct differentiation of the 

de ru atIV a boundar y element method (DBEM) formulation of the problem. Second-order 

of^^meAod^oflrri^rf^ 8 ^ ■ arc ° btained here i n “ ele e ant manner. A numerical implementation 
ot the method is earned out with isoparametric quadratic boundary elements and numerical results are 

presented for several sample problems. Considerable savings in computation^^^effort for ^ 
design rensitivities.^ Ure 1S P ° SSlble through the use of efficiently determined accurate second-order 

1. Introduction 

aI iH OSt . sbape optimization processes, design sensitivity coefficients(DSCs) which are the 
ates of mechanical quantities with respect to a design variable, are essential for the determination of 

f.-lSht''/ a body '„ : d ‘A 8 Y ariable being considered here $ a shape pi™ Aa, 

Of part or whole of the boundary of a body. Approaches for calculating first-order 

b k Cn devel ° ped ^ite weI1 b y man y researchers. Second-order DSCs, however! are hardly 
used, mainly because they are very expensive to compute. In many nonlinear programming algorithms 

function and sftconH _ j , . . as the inverse of the Hessian matrix of the objective 

^? COnd N°5 de? ’ denvaUves of constraints, which provide sufficient conditions for the 
n „f 1 c 1 f t VJ rn (optimum) design, are generated approximately from first-order derivatives [1] The 

?econd N ordir nk h popuIar , for this Purpose. However, another side of the issue is: if 
second-order DSCs can be determined accurately with reasonable computing cost great increase of 

in owrall^computEig costs 0ptimizado " a,8orilhms is ™s can lead to great savings 

for conducrio^svsfems ^4 Dems , used the vcdxed approach to obtain second-order P DSCs 

constraints to th/rom-cnn’nrf a ^ dca c . ompared two commonly used first-order approximations of the 

and SnatS^fare 3 41116 second ‘ order approximations of the constraints. In this paper [6] truss 
ana laminated plate problems were used to compare the accuracy of the approximation and its effort ™ 

S2£?£!i!>dfs ar * ss?^ 

element methods (FEM). Direct differentiation of the reduced global stiffness matrix the adioint 

^adS P m ( Sjr ti h thC K duCed g J oba J stiffness matrix, and a combination of direct differentiation 
Sove J ?mh^s h h^ haVC £ Cen USed t0 f “ mulate second-order design sensitivities [7J. None of the 
continuua^ ’ h ever ’ have att empted to determine second order DSCs for general elastic 

. approacb bein g used here is the direct analytical differentiations (DDA) of the governing 

(BEM) fapulation of the problem. The exact differentiations® liminate 
raight . 0CCdr h? 11 ? fin . lte difference methods and lead to closed form integral equations for 

appSc^^^dcSntfg;?^ CS ' ' qUad ° nS “ th ' n S0,ved by numerical dlscra,z * ,io "- ™* 

2. Integral equations for two-dimensional problems 
2.1 The DBEM formulation 

in^h^tkve boundary element method(DBEM) formulation for (two-dimensional) linear elasticity 

hn.mH Ch th f ^k^ 00 !^ U tangenual derivatives of displacements are the primary variables on the 
boundary of a body, has been proposed by Ghosh et a1 [10]. An analogous fomiulation has been 
presented also by Okada, Rajiyah and Atluri [11]. oeen 

writtenas flO] eqUati ° nS f ° F tw<>dimens i onal Iinea r elasticity for a simply connected region B can be 
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( 1 ) 


J [UjjCP.Q) x. (Q) - W..(P,Q) A.(Q)] ds(Q) = 0 

dB 

where the kernel U - is available in many references eg.[12] and W-- is available in [10], Here x. and 

y J 

A. are the components of the traction and tangential derivative of the displacement, (A.=duj/ds) 
respectively, on dB. It is very important to note that W-j has only a logarithmic singularity (same as 
Ujj) as r goes to zero. A constraint equation 

f A. ds = Uj(2) - Uj(l) 
dB, 

(where dB, is a suitable part of dB with Uj(l) and u^2) the values of u ; at the beginning and at the end 
of dB,) must be included for certain problems. 

As can be seen from equation (1), the traction and tangential displacement derivative vectors are the 
pr imar y unknowns on dB in this formulation. It has been shown that the stress components at a 

regular point on dB can be written in terms of the components of x and A as [13]: 

CT ij = A ijk \ + B ijk \ ^ 

where A i - k and B^ are coefficients which can be determined from the geometry and material 

properties [13]. Thus, since x and A are primitive variables on dB in this DBEM formulation, these 
quantities, as well as on. , can be obtained on dB with very high accuracy. 

2.2 First-order sensitivity formulation 

The corresponding DBEM equation for the sensitivities are obtained by differentiating equation (1) 
with respect to a shape design variable b [8]: 

f[U ij (b,P,Q) x . (b,Q) - W..(b,P,Q) A. (b,Q)] ds(b,Q) 

dB 

+ J[U .. (b,P,Q) x i (b,Q) - W .. (b,P,Q) Aj(b,Q)] ds(b,Q) 

dB 

+ f [Uy (b,P,Q) Xj (b,Q) - W ij (b,P,Q) Aj (b,Q)] d*s (b,Q) = 0 (3) 

dB 

where a superscribed * denotes a first-order derivative with respect to a typical component of b. It has 
been shown [14] that 

U j. (b. P,Q) = U ijJc (b, P, Q) [ x k (Q) - x k (P)] (4) 

where, by virture of the fact that 

x k (Q) - x k (P) - O(r) 

Uy is completely regular! A similar argument is used to show that Wjj is also regular. The formula for 
d*s is given in [8,9]. 
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2.3 Second-order sensitivity formulation 

/ [U iJ (b,P,Q) z .(b.Q) - W (b,P,Q) A .(b.Q)] ds(b,Q) 

dB 

+ 2j[U ,/b.P.Q) X i( b,Q) - W (bp.Q) A .(b.Q)] ds(b,Q) 


+ 2j tU^bP.Q) T .(b.Q) - W (bJ>,Q) A (b.Q)] d's (b.Q) 

dB 

+ 2J [U ,/b J-.Q) t.(b.Q) ■ W (bP.Q) A.(b.Q)] d's(b.Q) 

9B 

+J [U ,/b^.Q) t.(b,Q). (b,P,Q) a (b.Q)] ds(b,Q) 

dB 

+/ fU i j(b,P,Q) x/b,Q) - W (bd>,Q) A (b,Q)] d*s(b,Q) = 0 

dB 


(5) 


where a superscribed a denotes a second-order derivative with respect to a typical component of b. 
re^ti^ rc8 ” lar Sin “ U ii “ ateady re 8 ular - A similar argument is used to show that $ # is also 

se^md-tu^r^nshiitities replacing* thtfttaction^andrf 0 ^ ofequ f ion (?) with either the first or the 
SB must be presaibed idEft7a„Xdtsplacement denvatives. Half of sensitivities on 
ri»h, .rrr T rcS ‘ Ul “ ** deIenmn ed from equations (3) and (5). The known 
nght hand side (when solvtng equation (3), t. and A j on the 3B are known and when solving equation 

mp^f™^t"ly°" 3B “* k ” 0W ” ) toVOlV ' S CVaiuad0 "° f regu,ar inKgials whkh is ™y “sy 

equ JSn© iddi d ^c?m'bXp ? lerta [|j aa,io " s for bo “ ndary susses, obtained by differentiating 

ele^^r""" 10 ” “ P ,f 1 to this w °* <°"» maw of modelUng of comers(on 3B) with conforming 

comer. In thTexample prese^redT^rJorif the?!?“ ° may or may not be continuous at a 
detailed discussion of this issure, including extra equations a is “ai“Se”in[8.l] M C ° merS - A 

3. Numerical implementation 
3.1 Discretization of equations 

thei/fireomde^enritivities) md Miration mrfhr the'"* 1 dis P lac ' n,ent derivatives), equation (3) (for 
usual way nte boundary 8B is subdivided il 

• e !'“ ab “ \ and A | “* assumed to be piecewise quadratic on these boundary elements The 
logarithmically singula kernels are integrated by using fog-weighted Gaussian integration. 
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3.2. Numerical Results ,, m( . t hod These examples are chosen with a view 

of - "—“..sous discus** 

below are with Poissons ratio v - 0.3. Tte 

«„"' r arT^"fte‘SW The firs, is plane stress problem. The second one is 
plane strain. Figures 1-4 and Table 1 are taken from [ J. 

Example 1 “ 

^iE^cd^reTsi^ S?2^^ n0t Usted herc 

since they are very long. nii • „, „_ ults for sec0 nd-order stress sensitivities (on the line 

A comparisons of analytical and ™mencal rt^m for s^ consistent units A tota l of 44 quadratic 

DC in figure 1) is shown in f , , segment) are used to obtain the numerical results. In 

elements (11 elements are equally spaced on ea ^ F” T ) numer ; ca i result except for some small 

1 Sh ° WS 

errors: s; ^=S5SSS3 kSs 

Example 2 The classical problem of a body with an elliptical hole is considered in this example 
Only aquaAerof the ellipse needs to be modelled because of symmetry (figure 3). Here, a-2, 1, 

L=30 a =1.0. As in the previous example, this problem also has comers where the stress are 

continuous The semi-major axis a is the design variable in this problem The analytical solution for 
Ae tangential stress on the ellipse (for an ellitical hole in an infinite plate) is [14]. 

1 + 2q - q 2 + 2cos(2<))) 

o =o -;- 

00 ** 1 + q+ 2qcos(2<j>) 

^sassssssssr^ss^j 

tangential stress along the quarter ellipse is shown l g • P ... e i 0 bal picture is 

mesemed^e^Ah^'iri^imfwmnt^be^n'mlnd that^ese^arc^cond se^umncs which are 
generally acknowledged to be difficult to obtain accurately in an efficient manner. 

National Supercomputer Facility. 


584 


References 

[1] J.S. Arora, Introduction to Optimum Design, Class notes (The university of Iowa, Iowa city 


t 2 ] C. Flueiy, Efficient approximation concepts using second order information, Proc.AIAA/ 
ASMS/AHS 29th SDM conference (Blacksburgh, VA, 1988) 

[3] EJ. Haug and P.E. Ehle, Second-order design sensitivity analysis of mechanical system 
dynamics, Intemat. J. Numer. Methods Engng. 18 (1982) 1701-1717. 

[4] K. Dems, Sensitivity analysis in thermal problems-I: Variation of material parameters within a 
fixed domain, J. Therm. Stresses, 9 (1986) 303-324. 

[5] K. Dems, Sensitivity analysis in thermal problems-II: Structural shape variation J Therm 

Stresses, 10(1987) 1-16. ’ ' 


[6] R.T. Haftka, First and second order constraint approximations in structural omimization 

Computational Mech. 3 (1988) 89-104. F 

[7] EJ. Haug, K.K. Choi and V. Komkov, Design Sensitivity Analysis of Structural Systems 
(Academic Press Inc. New York, 1986). 

[8] Q. Zhang and S. Mukheijee, Design sensitivity coefficients for linear elastic bodies with zones 
and comers by the derivative boundary element method, Int. J. Solids Structures (in press). 

[9] Q. Zhang and S. Mukheijee, Second-order design sensitivity analysis for linear elastic problems 
by the derivative boundary element method. Comp. Meth. Appl. Math. Engng. (in press). 

[10] N.Ghosh, H. Rajiyah, S. Ghosh and S. Mukherjee, A new boundary element method 
formulation for linear elasticity, ASME J. of Appl. Mech. 53 (1986) 69-76. 

[11] H. Okada, H. Rajiyah and S.N. Atluri, A novel displacement gradient boundary element method 
for elastic stress analysis with high accuracy. ASME J. Appl. Mech. 55 (1988) 786-794. 

[12] S. Mukherjee, Boundary Element Methods in Creep and Fracture Elsevier Applied Science 
London, (1982). 


[13] J. Sladek and V. Sladek, Computation of stresses by BEM in 2-D Elastostatics, Acta Techanica 
CSAV. 31 (1986) 523-531. 

[14] M.R. Barone and R.-J. Yang, Boundary intgral equations for recovery of design sensitivities in 
shape optimization, AIAA J. 26 (5) (1988) 589-594. 

[15] S.P. Timoshenko and J.N. Goodier, Theory of Elasticity, Third edition. McGraw-Hill Inc New 
York (1970). 


Mesh 

Analytical ^ 

A 

Numerical — n 

Error (%) 

24 elements 

-0.09342267 

-0.09988122 

6.46 

28 elements 

-0.09458990 

-0.09988122 

5.29 

36 elements 

-0.09816499 

-0.09988122 

1.72 

40 elements 

-0.1017195 

-0.09988122 

-1.84 

44 elements 

-0.1001325 

-0.09988122 

-0.25 


Table 1. <7^ at point C* - (in figure 1) from different meshes (example 1). 
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Analytical Solution 


♦ Nuaerlca! Solution 
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IMPLEMENTATION OF EFFICIENT SENSITIVTTV 
ANALYSIS FOR OPTIMIZATION OF LARGE STRUCTURES 

by ! 

J. R. Umaretiya and H. Kamil 

Structural Analysis Technologies, Inc. 

Santa Clara, CA 

ABSTRACT 

ITie paper presents the theoretical bases and implementation techniques of 
sensitivity analyses for efficient structural optimization of large structures 
based on finite element static and dynamic analysis methods. The’ 

ana ? SeS h . ave been implemented in conjunction with two 

Ae Mathematical Programming and 
Op mality Criteria methods. The paper discusses the implementation of 

AutoDesign™^ ^ me ‘ h ° d int0 our in - house softwaie package, 

INTRODUCTION 

The design process for aerospace structures involves many analysis/design 
iterations, exchanges of a large amount of data and multiple interactions on 
decisions among a variety of technical disciplines. Typically, the design 
process goes through several stages, ranging from early conceptual and 
pre lrnmary designs, through finite element structural analyses, to final 
esign and optimization. For each stage and cycle of the analysis and 
design, a large number of parameters are investigated and a large amount 
of data is utilized. The design process can readily be formulated as a 
problem of optimization, where either cost (weight) or a measure of 
performance can be optimized while satisfying the specified constraints. 

® b { ecti y e ° f . our e /[ orts have been to try to use optimization 
approaches for design of large, practical structures, based on the use of 

finite element techniques for modeling the structures. Large, practical 

structural optimization problems have hundreds or thousands of design 

variables, hundreds or thousands of highly nonlinear constraints and 

multiple local minima. For structural optimization, two different types of 

methods have been proposed, viz, Mathematical Programming (MP) 

n Md 0ptimalit y Criteria (OC) algorithms (Refs. 3,4). 
Both MP and OC methods are iterative in nature and generate a sequence 


.D 
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of the design variables converging to the 


of design points in the space 
optimum solution. 


Both of these methods involve gradients of objective and constraint 
functions with respect to design variables. These gradients are called 
sensitivity coefficients. For regular optimization problems, these 

sensitivity coefficients can be evaluated directly s,nc « ob J e ^ e ^ 
constraint functions are explicit functions of design variables. Once these 
coefficients are known, they are used for determining the directionand size 
of the next iterative step towards optimum design. For J^ur 
optimization problems, the objective and constraint functions are implicit 
functions of die design variables. This makes the evaluation of their 
gradients significantly more difficult. The process of evaluating gradients 
of objective and constraint functions is called sensitivity analysis—w c 
provides a bridge between optimization algorithms and finite element 
analysis solutions. This paper discusses the various approaches for 
sensitivity analyses and their implementation to large, practical structures. 


SENSITIVITY ANALYSIS APPROACHES 


There are three main approaches for sensitivity analyses 1 : 

. Virtual Load Approach 

• State Space Approach 

• Design Space Approach 


These methods are briefly discussed below. 


Virtual Load Approach 

This approach was first used by Barnett and Hermann (Ref. 5) for statically 
determinate trusses with a single displacement constraint. The approach 
was later extended to statically indeterminate structures with imultiple 
deflection constraints, and has been extensively used with Optim ty 

Criteria methods (Refs. 3,4). 


Since this approach is somewhat restricted in the sense that constraints must 
be expressed in a specific form, it has been superseded by the more general 


1 The finite difference approach is not considered herein, because of it’s potential accuracy 
and reliability problems. 
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State Space and Design Space approaches, discussed 
virtual load approach can be derived. 


below, from which the 


# 


State Space Approach 


to Uus approach, the state variable vector is first treated as an 
variable. An adjoint relationship is then introduced to express the effect of 
a variation in the state variable vector in terms of the variation in the 
design variable vector. In contrast to the virtual load approach, no special 

functional form of constraints is assumed and a variational approach is 
followed in deriving the design derivative vector. 


Design Space Approach 

This approach was first suggested by Fox (Ref. 6), and has been used by 
several researchers. In this approach, the state variable is not assumed to 
be independent, i.e., it is assumed to be a function of the design variable 
This makes the equations more difficult to solve because of additional' 
toms on the right hand side of the equations. The State Space approach is 
re efficient than the Design Space approach, especially for large 
practical structures where the number of design variables is very large 
compared to the number of constraints. 


Thus it was decided to use the State Space approach for this research and 

development effort because of its generality and efficiency for large 
practical structures. ® ’ 


IMPLEMENTATION OF SENSITIVITY ANALYSIS APPROACH 

The State Space sensitivity analysis approach was implemented in our finite 
element analysis and design optimization software, AutoDesign™ (Ref. 1). 

JH“ ap P toach was implemented for both the MP and OC methods, for the 
truss, beam, membrane and plate/shell finite elements, for the 

f eSS md fr !T enCy constraints - Implementation for the 3-D 
solid (brick) elements and buckling constraints is in progress now The 

implementation for the MP and OC methods is discussed below: 

fnf^ Umi2ati0n yP roac * es > name] y MP OC approaches, require the 
information on gradients of objective and constraint functions inlddition 
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to information on functions themselves. As mentioned earlier, the 
constraint functions for structural design problems are usually f ™*ons 
displacements, stresses, and frequencies, which are 

design variables. The gradients of constraint functions and objective 
function (generally weight or cost of the structure to be designed) are 

evaluated. 

The objective function is usually given as: 



where 



£ wiAibi 

i= 1 

wi is the specific weight or cost 

Ai is the cross-sectional area of 1 -D elements 
such as truss, beam, etc., or planar area of 
2-D elements, 

bi is the third dimension, namely, the length 
for 1-D elements or the thickness for 2-D 
elements, 

n is the number of elements in the finite 
element model of the given structure. 


For 1-D elements, Ai’s are used as the design variables, where as for 2-D 
elements, bi’s are used as the design variables. Thus, gradients of the 
objective function may be explicitly written as: 


gWi = wjbi for 1-D elements 
wjAi for 2-D elements 


The computation of the gradients of constraint functions requires the 
evaluation of: 

. partial differential coefficients of constraint functions with respect to 
design variables, say A 

. partial differential coefficients of load vectors with respect to design 
variables, say£ 
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• partial differential coefficients of stiffness matrix with respect to 
design variables, say Q 

• partial differential coefficients of constraint functions with respect to 
displacements, sayJQ 

• a solution vector,.!., from K(b)!.=IL where K(b) is the stiffness 
matrix 

• partial differential coefficients of eigenvalues with respect to the 

design variables, say £, (used for frequency and buckling constraints 
only) 

For displacement constraints, A = 0, £_= 0. 

For stress constraints, E = 0 

For frequency and buckling constraints, A = 0, X ,= 0. 

In general, evaluation of A, H £ and £ is straight forward since it can 
easily be performed at element level. The evaluation of ^requires special 
attention to make the sensitivity analysis efficient, since all the optimization 
algorithms require the information on constraints before they require the 
information on the gradients of the constraint functions. The evaluation of 
constraint functions requires the analysis of the finite element model of the 
given structural problem. 

Now, if D is introduced as a set of dummy loads for each constraint, then X 
can be obtained as a set of resulting dummy displacements from the 
analysis. Thus, for the optimization problem, the total number of load 
cases are considered to be the actual number of load cases plus the number 
of constraints in the design problem. Using this approach for multiple load 
cases, the stiffness matrix, K(b), is required to be decomposed only once, 
resulting in very efficient computation of X. 

This approach was very successful in improving the efficiency of the 
sensitivity analyses implemented in our software AutoDesign™, especially 
for large, practical structures. 
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CONCLUSIONS 


The sensitivity analysis approaches for structural optimization utilizing 
Mathematical Programming and Optimality Criteria methods were 
discussed. The implementation of sensitivity analysis into AutoDesign T , 
our in-house finite element analysis and design optimization software, was 
presented, especially considering application to large, practical structures. 
The State Space sensitivity analysis approach was utilized, with certain 
modifications, since it was found that this was the most suitable approach 
for large, practical applications considering its generality and efficiency. 
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Design Sensitivity Derivatives for Isoparametric Elements 
by Analytical and Semi-analytical Approaches 

Kenneth W. Zumwalt and Mohamed E. M. Ei-Sayed 


Abstract 


This paper presents an analytical approach for incorporating design sensitivity calculations directly into the finite element 
analysis. The formulation depends on the implicit differentiation approach and requires few additional calcnlarinnc u, . 

e ° ri commo ” 1 y used finite difference formulations. Both approaches are implemented to calculate the design sensitivities 
T um ”**”**“* ^oparametnc elements. To demonstrate the accuracy and robustness of the dmSSjdSSJS 
approach compared to the semi-analyttcal approach some test cases using different structural and continuum elenrent types are 

1 Introduction 

popular method for calculating sensitivity derivatives is the semi-analytical method which is based on the finite 

evall f Don of ^e derivatives of the finite element stiffness matrix. Using either a forward or backward difference 

C ,H CU J atC the “ nsitiviUes of a structurc for « design variables requires the evaluation of m +1 stiffness matrices In 
addition to the time consideration, these methods are also sensitive to changes in step size. 

appro f h that is generating much interest is to calculate the derivatives analytically usine the implicit 
differentiation techniques from which the semi-analytical approach is obtained The iLnS»S,7u^. 

serniWy darn, is bes, is . much debufed subject l&mucS™ pSSbSSs^ot t£££25h£ 

71,6 * ar I ly work do " c by Zicnkiewicz and Campbell [6] and Ramakrishnan and Francavilla [7] has been refined 
and extended over the last one and a half decades. More recent work by Wang Sun and Gallarrher rsi in ios< hoc __ •. . 

formulations employing an implicit differentiation approach for sensitivity analysis of 2-Dand3-D Sparai^ert^nSS 
ttZSTS** ® r ? ±man “* L r* 1988 - « appnLh for the 

significant i^n^Tta by -^ S ^ d ^‘^ UOTOf ^^"^™^<^»«>i™andthus^ldsa 

c . T hc 1 p, i rpose of fo is pape r is 10 pre . sent ^ efficient approach to obtain the sensitivity of isoparametric continuum and 
ctural elements to geometric properties and to compare it with the semi-analytical approach. The analytical formulation is 

SEES? T 1 is Wlicable to an, isopmmeuic elemm.. we. fSK mZZ to 

e^St^SL number of caicuiauons required and to the ease of implementalionof the mctoS^gSTp^ 

2 Formulation of Displacement Derivatives 

Consider the general formulation of a linear static finite element problem whose equations are of the form 

SS’nfff^ m * X ' f " ‘‘ =U F “ aK «*' of "Otlai displacements to be computed, and? 
The derivative of equation (1) with respect to any design variable a m is given by 


rearranging yields 


dK du 

3a U + K da 

rn m 


dF dK 

da da 

n m 


The unknown terms of equation (3) are ^ and . The derivative, . represents the sensitivity of the applied forces to 

the design variables. In many cases the applied forces are independent of the design variables and this term is zero. This 
assumption will be made for the remainder of the development (A treatment for the formulation of in non-zero cases 

5jt£i‘p ) ° f PrCSSUrc l0ading 10 ***** variables iS givcn in detail by Wan *‘ Sun - and Gallagher in [8].) Thus 
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Notice that the left-hand side of equation (4) has the same coefficient matrix as equation (1). Since the decomposed form of 
this matrix is normally stored for the calculation of multiple load cases, it may be reused to obtain 3 — in an analogous 

manner from the equation 


3a I oa 

m k m 


i.e. treating the vector f*-U J as a pseudo-load. 

2.1 Displacement Derivative for Continuum Elements 

Consider the formulation of the 2-D and 3-D isoparametric continuum elements. The stiffness matrix of the element is 
given by . 

K e - Jn B t CBUIdfl (& 

where Q is the domain of the element, B is the element strain-displacement matrix, C is the material properties matrix, and 
Ul is the determinate of the Jacobian matrix, J, which represents the mapping of the global coordinates X.Y, and Z into the 
element natural coordinates r, s, and t. For the continuum element, C is a function of the material properties only, i.e. 
Young's modulus and Poisson's ratio. Therefore the derivatives of C with respect to the shape and sizing parameters are zero 

8f1(i 


Multiplying both sides of equation (7) by the local displacement vector, u, as in [7,9], results in the following 


3K« 


" fan 

** * da 


C B u + B T C 


uHJI dO + f 
ot_ J „ 

m e 


B T C B u 7 ^-dfl 


but the stress vector, a, is given by 


a = C B u 


substituting (9) into ( 8 ) and rearranging 


9K e f T J 3IJI 

SC U= J„ i ^ 


+ 0*IJUdfl + 


r aBj 

J>» 


ouidn 


( 10 ) 


where 



(id 

Finally, by factoring EJI 





t °] ui dQ 

( 12 ) 

where 

dUI 

Ul'» 




In order to evaluate equation (12) only two new quantities need be obtained, and ■jjp As will be shown later, 

n 

Ul' 

significant savings are gained in the direct calculation of the quantity^. Since these derivatives are also required for the 
structural elements, formulations for these terms will be given following their development The remaining values will have 
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been evaluated in the generation of the stiffness matrix. Also, the form of equation (10) is the same as the ix, 

stress vector. This will allow <y* to be evaluated by re-using the same strcssTovery rouUnS expresston for the 


2.2 Displacement Derivative for Structural Elements 


The displacement derivatives for the shell and beam elements are derived in the same manner. The element stiffness 
matrix for an isoparametric beam or shell following the formulation in Bathe [10] has the form 


K e = Jfj B T Q t C a Q B Ul dfl 


(13) 


where Q is the matrix which transforms the element aligned material properties matrix C a into the global coordinate system 
Taking the derivative with respect to an, ' 


8 K e 

dam 


Q\ 


8 B 

3a m 


Q t c a q B + B t qT c a Q 


ii. 

dam 


IJI dfl 


-i BT ^; c .<2 B + BT Q T Ca^;B]uidQ 


(14) 


a 


B T Q T C a Q B |J^dQ 


Using the same procedure as before we post multiply by u and simplify to obtain 

A 

T 1 


3K e 

dam 


u = 


: bT [" Iff 


+ a* + a! + t— o 


where 


and 


dB. 

d»m 


IJI d a 


C = Q T c.q 

CT= 2 C c B u 


05) 


(16) 




[« T c £] 


(17) 


2.3 Formulation of Component Derivatives 


» a general finite element formulation that the strain-displacement matrix, B, is constructed by rearranzine 

and adding the denvauves of the element interpolation functions N K with respect to the global coordinates X, Y, and Z in 

accordance with the kinematic equations of the element formulation. For example, the three dimensional elasticity 
displacement matrix is defined as 7 


strain- 


B ~ [ bj b 2 ... b„ ] 


(18) 


N kJC 

0 

0 

0 

Nfc.Y 

0 

0 

0 

N k ^ 

N k .y 

N kJC 

0 

0 

N k .z 

N k .y 

. N k ,z 

0 

N k .x_ 


(19) 


where n is the number of element nodes. 

_ thc isoparametric formulation, the interpolation functions N are expressed in terms of the element natural 
coordinates r* and t. Thus, the derivatives with respect to the global coordinates are evaluated bv 


Xx' 

-r 1 - 

X/ 

N k .y 

N k4 ‘ 

[NkzJ 




(20) 
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wbcrej is the inverse Jncobinn. Taking U» derivative wilh respect 10 the design vnnabie a. yields 


*-\Z\ M^I *-W 


(21) 


Since J 


- 1 is not obtained in explicit form, an expression for ^cannot be obtained direcUy. By using the identity 


,—1 

the expression for-^-^ is found to be 




_T-i 


( 22 ) 


(23) 


Thus equation (21) becomes 


_3 

da. 


k,X 


N 

lN k ,v 

l N t-Z J 




r 1 j-' 

da, 


‘m 


' I 

N k4 + 

Nu. 


I 

da m 


N k> , 
Nm 
INmJ 


(24) 


Substituting equation (20) into (24) 


3 

da 


Xx| 

* N k.y f * “ 


m 


N 


kj: 


_3J 

da 


N k .v 

N k .z 


+ J 


-t 


da 


01 


N k>r 
N k , 
X,J 


(25) 


Equation (25) contains two derivatives that must be evaluated. First consider j a ^- Thc Jacob * an is obtaine< * * rom matrix 


multiplication 


’ N k , ] 

J = < N kiJ f{X k Y k Z k } 

N,, 

V. 


(26) 


Applying the chain rule, the derivative is 


_dJ 

da. 


Substituting equation (27) into (25) 


N 

N, 

N 


k»r 


U 


da M 


{X k Y k Z,} 


3 M 




{X k Y k Z k } 


(27) 


a ["-1 d H 

- - J"’ N.. 1 - 

L , 


N. 


r-X Y - z-> * J i^ 


X/ 



r \ 

N k .« 

N k , 

>{X k Y k Z k } 

< 

N k . T ’ 

k N,... 



.N k4 . 


(28) 


SilS-nc p^pcrUes, then equadon (28) sintpUiies 10 . fan. egnivalen, to .ha, presented in PI. 


3 

da. 


N kiX 


X*1 

N k . Y 

—V- 

1 

II 

Nk.Y 

X*. 


X- 2 , 


da. 


{X k Y k Z k } 


N 

N 

N 


kJC 


k*Y 


k.Z j 


(29) 
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The scalar, can be generated directly without evaluating ^ exnlicitlv Th^ h* ,• f , 

Jacobian may be written as 8 m P Uy ' ^ dcnvatlvc of 11,6 determinate of the 

dUI _ aijl 3Jjk 

(30) 

U* repeated indices follow the convent sutnmatiee role. By pmfmmmg . ^ by ^ * 

demonstrated that 6 ^ lcrTn cx P ansion it can be 

M =r i, i, 

dJ jk kj (31) 


Substituting (31) into equation (30) 
Rearranging yields 




(32) 


jjr T -i ajiv 

Ul m, jk * trace 




(33) 


SSy to (28) W ^ mI ‘ h “ s «!“**» (33) is evaluated 

3 Numerical Considerallons for Analytical and Semi-Analytlcal Approaches 


Additions 


Multiplications 



100000 


of Operations Performed 


200000 


complex than the more conventional scmi-atralyticalipproach iSenU^Tn * ? a denvaUvcs U considerably more 
analytical approach is more element dependant and reauires the additZ. n , w,dc use ' a resu,t of this complexity, the 
clement code. The increased efficiency and ^uriv hmE ™ on j >ro S™' statements to the basic finite 

Consider the calculation of the piSlSSo?‘fJV* *“«» Programing effort. 
pseudo-load vector with (216n + 486) multiplications and f 216 n 1 ai a\^ ,d ®*?? nenL ^ approach presented evaluates the 
freedom m the element. Using the conventional semi-MScSm^h^ 14 ^^ 005 :^ here n is the number of degrees of 
is calculated directly by either a forward “EE^ here *5 suffness ma ^x derivative in equation^) 

displacement vector, requires (SSn* + 324n * d P^^plicd by the global 

considerably by using equation ( 10 ) where the derivatives of thelmJIn J^ 5 ? + 324n + 321 ^ “Editions. This can be improved 
finite difference. This reduces the number of operations to me*, s 1 1 ? > ^ c f^d Jacobian matrices are calculated via 
approach will be referred to as the modified semiS^ appSch mdjaSSg??? ns “J (270n + 513 > Editions. This 

Sh0WS ^ ““ number 0 , 1 for VfKXA 
4 Implementation and Test Cases 

algJltafwu^ -rich the semi-analytical approach, the 

mam criteria was that the structures had casily P verifiable MnStvSif^ 7** ^ hoscnwi r th s^eral goals in mind. The 
structures could reasonably be modeled with several different types ofelementJ " d C " tCna f ° r thc test cases diat the 
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E a 1.0 x 10 P*i 


100 lb. 



-*\ v \ 

T □ 


Figure 2—Cantilever Beam. 


4.1 Test Problem It Cantilever Beam 

A simple cantilever beam is considered as an 
example w c °2Eng daSn^^vities. The 

approa^es for obtmnmg d«^ ^ of the 

geometry, loading Mdmam F ^ m lb 

HESS SEW?#* - ■* £ 

si. «**:tswassss s 

hriffht of the beam, it is oesuw 

sensitivity of the vertical displacement, v, of the 

beam at point A. . narabolic shell and parabolic solid isoparametric 

-n« using iitt««» ^««> 

mujor to»tock of '^SSToflSS* aep sizes «ries tan Sou otaiued 

small, then errors will result. derivatives. In this example, semi-analyucal app . steo as can be seen in 

|^S£sSSs» ,:r ' 

aoQ arc x 10 ^ 

1 i A 



4» 

CA 




O Plane Stress 
X SA.A=.001 
+ S A. A=.00001 
—■ Theory 



1 x 2 


1x2 1*5 

Mesh Size 

Figure 3—Accuracy of Displacement for Beam. 


1x5 1*1° 

Mesh Size 
Figure 4—Accuracy of Sensitivity for Beam 



Table 1—Accuracy of Displacement Sensitivity for Cantilever Beam. 

4.2 Test Problem 2; Two Dimensional Plate 

A simple two-dimensional plate ^^^it”proach and ^semi- 
compare the relative cfficmnqf and material 

analytical approach. loading of 100 lb. is 

properties are shown m F i gure 5. . . variable, a, was chosen 

applied parabolically to the ngh ^^^TthTp^te The vertical 

rr. 

lS ° P ^^nerical P results for the dUp"^“^SteiXol^iS 
the vertical direction l at A for the different finite element 

•ftSSKCf*551 *• i*——»• ">* 7 shows 
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Hus case theaep size A=.OOTw^ tuffidemtloprorid^^ aPFOach conver « ed wcl1 - Also, notice that ir 

Pjf* ttepklre. aJ^JJSS tobStperformance'was obuE thC fl ^ CCUtion dmcs of approach for; 

The modified semi-analytical approach was a dose second, but W ““ USing ** analytical W™*" 


Mesh 



5x5 

6x6 




Shell 


-2.4 
-2.7 
- 2.8 
- 2.8 
-2.849 
-2.856 


v A (10~ 5 ) in. 


Solid I Plane Stress 


—4.A 

-2.7 
- 2.8 
- 2 .... 
-2.849 
-2.856 


40 

69 

77 


-2.879 

-2.816 

-2.828 


Shell 


4 

5 
5 


5.490 

5.494 

5.495 


dv A /da (IQ- 6 ) _ 

Solid | Plane StresT 


4.4 
5.1 
5.3 
5.608 
5.400 
5.318 


- 2.0 


x 10' 


Table 2 Accuracy of Displacement Sensitivity for Thin Plate. 
--- x 10’ 6 


4 

5 
5. 
5.490 

5.494 

5.495 


•:*] 


4 

5 
5. 
5.409 
5.436 
5.456 



-2.5 


O Plane Stress 
+ Shell 
A Solid 


a 5.0 


lxl 2x2 3x3 4x4 5x5 6x6 

Mesh Size 

Figure 6 —Accuracy of Displacement for Plate. 


4.0 


♦ Plane Stress 
□ Shell 

A Solid 

* SA.A=r.001 


lx I 


2x2 
S 3x3 


4x4 


5x5 


6x6 


lxl 2x2 3x3 4x4 5x5 6x6 

Mesh Size 

Figure 7—Accuracy of Sensitivity for Plate 


■ Analytical 

H Modified Semi-Analytical 
□ Semi-Analytical 


5 Conclusions 


5 10 15 20 25 30 35 40 43 

Execution Time (sec) 

Figure 8—Execution Time for Plate Sensitivity Analysis 


«■*-» 1* finite element annlysi. The 
elements. The formulation allows for the c!ta&TS^SSS?S3S **** °l StrUCtUral md contin ^m 

implemented with relative ease since most of the required ntaZS S ,ty P aramcters of ^ element and can be 
In order to evaluate the merits of this approaE^ 11,0 of fini * element solution, 

test cases conducted show that the analytic^ approach is the m^ * f"‘ Mna, y**al approach. The numerical 

user to provide a proper step size as decs the finUe difference ^ T 0 ?* 1 ) for ,w0 reasons. It docs not require the 

respect to time. te d,tference based sem.-analytical approach and it is more efficient with 
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Introduction 

. * T° optimize the performance of any system, the sensitivity derivativoc nf 

avaMahia m it ° ut f ut 'J ariab J® s with respect to its input variables must be readily 

♦ S0 des,rable that thes ® derivatives be inexpensive to calculate 

and their derivatives. Optimization methods that have been developed for use 
m automated structural design programs may not be extended for use in 
integrated multidisciplinary design programs until adequate means^f 
calculating accurate sensitivity derivatives of complex, internally couDled 

, Until the development of thS Kl Sensitivity 

denvatives of coupled systems has been by using finite differences Anaivtirai 
or serm-analytical derivatives do not exist as there is no analytical solution to 

m!th^ Gd probem ‘ Als0, difficulties arise because the finite difference 
method is expensive as the system has to iterate to a converged solution for 
each incremental input variable. The method may not be^ aSl anTthe 

var,abl ® 'norement may cause the difference in the output 
variable to be insignificant compared to computer numerical error if the choice 

If riSe 0 ;'^ 0 ^ may n0t Predi °' ,h8 ralu9 -*" outp'SfvSfe 

The GSE allow the system’s sensitivity derivatives to be calculated as 

lnrff'« S r > 9 5 omponent SLjbs y stem ' s (local) sensitivity derivatives These 
local sensitivity denvatives are calculated from specifically decouDled 

subsystems, whereas the GSE account for total system coupling. P Since the 

subsystems are decoupled, it may be possible for the local derivatives to be 

calculated by analytical or semi-analytical methods, which generally reduce 

usinn^S? accuracy. Several academic problems have been solved 
using GSE and have demonstrated encouraging results (Refs. 2, 3). 

Approach 

Thic ^Z!lfr f0r II nulati0n °! the GSE ( Ref * ^ is from a mathematical prospective 
™ spaper ™ 11 use an alternative formulation from an engineering P prospective 
to develop the equations. This formulation will proceed in three steps: fi) Exact 
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nrnhiem definition- (2) Determination of required available information; and (3) 
Problem solut on Experience has demonstrated that once the problem is 
flrioouSelv defined and the known information is reduced to only that which is 
required, the solution is typically simplified. This simplification does exist for the 

development of the GSE. 

GSE Formulation 

-i. Dmhiom statement. In structural optimization approximate linear 

analvse sus'mqf i rst orderTay lo r Series expansions to predict new behavior 
analyses us g successfully in various complex developments 

mefs "^S^ltTs assumedlhatthis method can be extended for use in predicting 
the responses of a complex, internally ooupled system in the region about a 

converged solution. 

Figure f depicts the typical internal behavior of a system composed of 
three subsystems. The local inputs, x,. ofa subsystem are subsets of and may 
be any, all. or none of the system inputs, X. During the convergence process, 
the subsystems use the current values of the other subsystem responses,*. as 
inputs. When the process has converged, the system output responses, Y, are 
a union of subsets of the subsystem responses, ft. 


New values of system behavior responses are predicted by 


Y (X) = Y 0 (Xo) + dY (AX) 


( 1 ) 


The information required to predict the new values of the responses is the total 
differentials of the coupled system (Fig. 1), 


dY i = X —dXj 

t aXj 


( 2 ) 


As the input differentials, dXj, are chosen by some method, '•e-. tormal 
optimization, etc., the unknowns are the system denvatives, aYj/aX,. The stated 
problem is to determine the system denvatives, dYj/dXj. 

The Droblem statement places two stringent assumptions on the solution. 
The first is that the system and its derivatives, and therefore, the subsystems, 
are linear “randls that the solution process must start from a converged 

solution. 

o- k-rvvA/n information. Fiaure 2 represents the decoupled system at a ^ 
converqe^sdutionThesystem may be decoupled since all of the inputs and 
outputs are known at the converged point. The total differentials of each 
subsystem, Uj, may be written as 
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( 3 ) 




dy t = 


dui 


^ 3y 2 ay 3 


dy 2 = 


5xi 

9U2 


dXr • ** 


au 2 


dy 3 = 


2 + ^dy 1+ ^dy 3 

° x 2 5yi 5y 3 

^dX3 + ^dy 1 + *!*dy 2 
ax 3 ayi dy 2 y 


rrr the ,ocai ^<*<• and > h * **-*». au/3? 

system inpVdmerS correspond to the chosen ' 

derivatives may be calculmed bv anaM ol! ^ 6S a ? calcula,ed ' The local 
methods using the analysis capaWtfe^ hfri^I' a ? rt J, 0al ' 1 . or ,ini,e di «erence 

fc^atrons^ReSrang^ngand vvririna'in «m ati0aS ( , 3) are the Global Sensitivity 

form presented in Reference 1 S is V ma,rix nota,ion gives < he 


j dUl^ 0U! 


dy 2 dy 3 
dU2 dUz 

i 5y 3 

5u 3 du 3 
d?i by 2 


dyi 


I 


dy 2 = 


9ut 

— 0 0 
dx, 

o *!£ o 


dx 




5x 2 


dy 3 


5u3 

dx 3 J 


dx 2 


(4) 


dx 3 


input vector ,'\ ^^ SySt6m 


5ui 5u! 



dyi ) 


dyi 5y 2 


dy 2 \m 


dyh 


5u 1 5ut 

5X, ax 2 

5u 2 du 2 
5X, dX 2 

5u 3 5u 3 

ax, axj 


• • • 



( 5 ) 
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*rteminXl°he solutonTs^mpleWd CfoS the desired responses 
for dY from the vectors of subsystem outputs, dy,. 

Comments on the GSE 

system^nput variable tvitlVotto^loiSuripih vari^^ tor airsubsy'stems. 63011 

' _in\/ortihlP 



Examples 




will demonstrate 


0) 


( 2 ) 


(3) 


(4) 


(5) 
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Abstract - Recent results from sensitivity analysis for strain energy with anisotropic elasticity are annli^H * 
thickness and orientational design of laminated membranes. Primarily the first order gradients of the totd 

cinvlrr^^ a t r u U8Cd 1D “ ° Ptlmahty Criteria based method ‘ Th “ traditional method S shown to give slow 
vet T W h l ? deSlg f parameters - ^though the convergence of strain energy is very good To 

f, deeper insight into this rather general characteristic, second order derivatives are included fnd it is 

shown how they can be obtained by first order sensitivity analysis. Examples of only thickness design onlv 
orientational design and combined thickness-orientational design will be presented. 8 ’ * 

1. INTRODUCTION 

Design with advanced materials, such as anisotropic laminates, is a challenging area for optimization. We 

further^* I 68 n< f ° UrSclves p,ane problemfl - 38 “ th « early work of BANICHUK [1] (which includes 
further early references). Recent work by the author [2],[3] was conducted independently and the 

emulations are rather parallel. Similar research is carried out by SACCHI LANDRIANI it ROVATI f4l In 

is to P vTaH PaPCr WCC r binC these °r‘entational optimizations with thickness optimization. The further goll 
o get a deeper insight into the redesign procedures based on optimality criteria. g 

The sensitivity analysis that proves local gradient determination relative to a fixed strain field is presented 
The physical undemanding of these results have many aspects outside the scope of the orient pao^he 
ar y paper by MASUR [5] includes valuable information about this sensitivity analysis. 

£££ principl ‘' ,h ' pr< ~ d "" “ * ■-«■■*« 1“ “ 

Stlv'jhair” 11 ff ° f “ ort , hotropic materia * «e equal to, say, the principal strain axes, it follows 
irectly that principal stress axes also equal those of material and strain. However, optimal orientations exist 

pTovedTn rsUhatThT n ““ f differ tho6e ° f the principal 8t ^ 8 - Even for this case it is 

proved in [3] that the principal axes of stress equal those of the principal strains. 

The sensitivity analysis for thickness change is extended to include the mutual sensitivities i e change in 
nergy density with respect thickness changes not at the same point. A symmetry relation is proven. 

^number of actual examples will be shown and discussed, but are not included in this short pre-Conference 


2. SENSITIVITY ANALYSIS FOR ENERGY IN NON—LINEAR ELASTICITY 
Let us start with the work equation 

W + WC = u + uc 


( 2 . 1 ) 


Pre-Conference paper for the Symposium: On Recent Advances in Multidisciplinary Analysis and 
Optimization, San Francisco, California, 24.-26.9.1990 analysis ana 
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where W,W C are physical and complimentary work of the external forces, and U,U^ are physical and 
complementary elastic energy, also named strain and stress energy, respectively. 

The work equation (2.1) holds for any design h and therefore for the total differential quotient wrt. h 

dW , dW^ _ dU , dU^ (2.2) 


V V V I ’ 

dll dlT 


“ dh + dh 


Now in the same way as h represents the design field generally, < represents the strain field and * 
represents the stress field. Remembering that as a function of h,< we have W,U , while the complementary 
quantities W^,U^ are functions of h,* . Then we get (2.2) more detailed by 


8W dW dt dWG . dW^ da _ dU , dU dt , dU^_ A dU c da 
Jh + Ttdh + Th“ + da dh~dh + dtdh dh da dh 


(2.3) 


The principles of virtual work which hold for solids/structures in equilibrium are 


dW dU 
d t dt 


(2.4) 


for the physical quantities with strain variation and for the complimentary quantities with stress variation 

we have _ n 

dW c _ dU c (2.5) 

da da 


Inserting (2.4) and (2.5) in (2.3) we get 


du c awe 

dh dh 


fdU dWl 

[dh dh J 


( 2 . 6 ) 


and for design independent loads 


fdU c ' 

__ fi 

51] 

[dh J 

fixed 

stresses 

fixed 

strains 


(2.7) 


as stated by MASUR [5]. Note that the only assumption behind this is the design independent loads 
dW/dh = 0 , dW c /dh = 0 . 

To get further into a physical interpretation of (dU/dh)fixed strains (“ d b y ( 2 - 7 ) of 
(dU c /dh)fixed stresses) we need the relation between external work W and strain energy U . Let us 

assume that this relation is given by the constant c 


W = cU 


( 2 . 8 ) 


For linear elasticity and dead loads we have c = 2 and in general we will have c > 1 . 
Parallel to the analysis from (2.1) to (2.3) we based on (2.8) get 


dW dW dt_ _ dU . dU d< 
dlidc dh — c dli c d< dh 


(2.9) 


that for design independent loads dW/dh = 0 with virtual work (2.4) gives 


dW dt dU dt _ c dU 
d t dh dt dh 1-c dh 


and thereby 


dU _ dU dU 
dh “ dh + dt 


U djf_1_ fdUl 

t dh — 1-c [dhj fi 

A A 


fixed 

strains 


( 2 . 10 ) 


(2-11) 


Note, in this important result that with c > 1 we have different signs for 
(dU/dh)fixed strains • g 


dU/dh and 



For the case of li 


and dead loads we have with c s 2 and adding (2.7) 


dU _ 
dh “ 


au] 

fixed 

strains 


For the case of non-linear elasticity by 


<nf 

d *>J fixed 

stresses 


( 2 . 12 ) 


v = E< n 


and till d«d load, (WC = 0) « g „ c = I+ „ md th „ ell) , 


(2.13) 



3. OPTIMALITY CRITERIA 
We want to minimize the elastic strain energy U 


Minimize 


U = 



(3.1) 


nar, h obtamed “ the of the element energies U- for e - 1 2 N T 
parameters are considered. The material orientationf 8 t for e - 1~2 ' N^ gr ° Ups of desi « n 
element, and the element thicknesses t. for e - I 2 v ,i 7 7 "’ N “sumed constant in each 

our onr im - *• ,. , esses t e for e _ 1.2.....N , also constant ,n each element. The constraint of 

our optimization problem is a riven vnlnma \r « 

1,2,..,,N ’ , e- ’ by sun unation over element volumes V e for e = 

N 

V — V = £ V e - V = 0 

e=l (3-2) 


The gradients of volume are easily obtained for thicknesses 


9V dVf. 
9tt = dt e 


Vj. 


and volume do not depend on material orientation 


(3.3) 


dV 

d9 t 


= 0 


The gradients of elastic strain energy is simplified by the results of 


au 

dh 


e i^hejfi 


section two and thereby localized 


= - f «■. v«) | 

fixed strains [ dh e J f j 


fixed strains 


(3.4) 


(3.5) 


t°; iiTi for element^area^* = ** * ^ U * “ -‘^uced by U e = u e V e = 

(3.5)! we'direcUyget^ 6 th,CkneS8 h “ D ° mflueDCe on th « energy density u e and thus with (3.3) and 
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au 

at® 


u e V, 

te 


(3.6) 


•• i i kAfsiiv «ven with fixed struns will 
Wilh respect to Mkl ojtautta. the !»b«j* ”^'“3,* m [2), i. to,™ of pmciptJ 

the den«ty »• *V \ J; re ciion of to phncip .1 ■»*«■■*' d "“ ,,0 “ “ “ d 

strains <j , < n U f ll > I «IlU ” V 

material parameters C 2 anc * 


* 

’ = fv(«, - «„)=> *a*(c« ^ 4 ^ + «* e “ 2 *] e 
* © 

te 


(3.7) 


. , .. ,, m j /o 7 % we can now formulate optimality criteria. For 

Wtu, tbo \LL Of ptopottotef gradients give, V,/«e 

t„. (u „ Ha i to the mean strain energy density u 
which means constant energy density, equ 


— u for all e 


(3.8) 


See also the early paper by MASUR [5] for this optimality criterion. 

k _ , ■ ^ optimisation we have an unconstrained problem, and thus from (3.7) t e 

For the material orientation opunuiwu 

optimality criterion _ 


•mp[cs a-*-* + 4C 3 00.2*] e = o to »» • 


(3.9) 


Ho. , . «*_ the. «• m 

ss zx. * a- ■—« 

(3.10) 


(te)next = *e + (A*e) 


, - t u is taken as the present mean energy density u . Thirdly, the 
Secondly, the optimal mean energy , change Ate and then from (3.8) we get 

element energy U e i» through th * Ch * 


~ S _- 

V e (l + MeAe) 


z U t i*®* 


(3.11) 


Ate = te(u e - «)/“ or (‘e)next = l * u */ u 
U is natural to ask, why the gradient of element energy is not taken into account 

««»..«.+a*. ( 1 

Hu, tHU U e^-ed b y a. M a- -*-* «/*. " by (J 6) s “*"‘ " ** '“' 1 

(the element strain energy) 


au e _ fdUfil 
ate L^teJ 


fixed strain 


f aUel 3e_ 

[a< J at e 


(3.13) 


»——»* nS S 2 SL 5 SXSV 5 

Sowf-« -bll «“"•* “ ““ C0 “ pled 




4. MUTUAL SENSITIVITIES 


The redesign procedure by (3.11) neglect the mutual sensitivities, i.e. the change in element energy due to 
change in the thickness of the other elements. These sensitivities can be calculated by classical sensitivity 
analysis. Assume the analysis is related to a finite element model 

[S]{D) = {A} (4.1) 

where {A} are the given nodal actions, {D} the resulting nodal displacements and [S] = E [SJ the 
system stiffness matrix accumulated over the element stiffness matrices [S e ] for e = 1,2,...,N . 

Let h e be an element design parameter without influence on {A} , then we get 

[S1 Sr 1 =- SS? < D > = < p «> <«) 

where the right-hand side {P e } is a pseudo load, equivalent to design change. Knowing 3{D)/3h e it is 

straight forward to calculate <9Ui/dh e . Generally the computational efforts correspond to one additional 
load for each design parameter. 

Then with all the gradients 5U*/5ti available we can formulate a procedure for simultaneously redesign of 
all element thicknesses 



Mnext — {*} + {A*} 

(4.3) 

that takes the mutual sensitivities into account. In agreement with the optimality criteria (3.8) we change 
towards equal energy density u in all elements. Formulated in terms of strain energy per area we want 


u e te + E = “(*e + At e ) 

i=i dt > 

(4.4) 

or in matrix notation 



with solution 

(ut) + [V(ut)]{At} = u|{t} + {At}| 

(4.5) 


(At) = [ [V(ut)J — ujTjl * 'f(u—u)t} 

(4.6) 

The gradient matrix [V(ut)] 

consists of the quantities d(u e t e )/dti • 



Note that with the assumption of fixed strain field, the strain energy per area is unchanged, i.e. [V(ue)l = 
[0] and we get the simple redesign formula (3.11). This procedure can therefore be evaluated by comparing 

the numerical values in the gradient matrix [V(ut)] with u , especially the off-diagonal values. 

An alternative formulation would be Newton—Raphson iterations directly on energy densities 


or in matrix notation 


N 

(ue—u) + E 

i=l 


d(uc-u) 

dtj 


Atj — 0 


(4.7) 


fVu]{At} = 5(1} - {u} (4.8) 

Here, the gradient matrix [Vu] constitutes da^/di\ . An interesting formulation is obtained, when we 
multiply every row e with area a« and get 
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[V(ua)] {At} = {(u—u)a} (49) 

The present matrix is now symmetric, which to the knowledge of the author is not well-known. 
Remembering that = UeAe we prove this directly from (3.6) 


cPV 


dt e dti 

dti 


d(Ui/t 5 ) 

dt i dt e 

dt e 


(4.10) 


Therefore, as = d^U/(dtidte) we have 

[V(ua)]T = [V(ua)] ( 411 ) 


5. CONCLUSION 

Optimization problems with a single active constraint (thickness design with given volume) or without 
constraints (orientational design) can be solved by simple iterative redesigns based on derived optimality 

criteria. 

For the thickness design this redesign procedure is studied by deriving higher order sensitivities. Second 
order sensitivities of total strain energy are evaluated as first order sensitivities of local (element) specific 

strain energy. 

For the orientational design a normal gradient technique will generally not work, because many local optima 
exist. Therefore, design changes in each redesign must be based on a criterion that identifies the orientation 

which gives global minimum of strain energy. 

For optimal material orientation we get coinciding principal stresses and strain directions. This is used as a 
test optimality criterion", and can also be utilized during iteration. 

Optimization of thickness distribution for anisotropic materials (and even a class of non-iineanty too) is no 
more complicated than with simple linear isotropic materials. The criterion of uniform energy density still 

holds. 
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the discs or laminates are assumed to be given together with a i taerea Ine thickness and the domain of 

the edge. 8 8 ‘ W ‘ h P rescrlbed boundary conditions and in -plane boding along 

The problem under study consists in determining throughout the st ructur al dnmni* tu. n „• 
concentrations of the fiber fields in such away as to maxima, th, domain the optimum orientations and 

<*• w mLjl. of,u „i g z ° f "'' co mpos “’ to'* *"**•' ^ 

-— ZT£2tXX7£££‘ 

1. Introduction 

““ ? PI««!*■*•*» of fib., orienlalioo and 

(reported m ^ ^ w " k ” *• *** *f ^uasen [2] 

Pedersen [4-8]. Problems concerningoptiSon of fZtSZl^ P *£ by “"P 0 ™ recent developments of 

- *-( «-«- - ~r f c^,°sr sir r 7 , 7 '^ » B “ ich “ k t9i -“ d « 

appli^rJl'Xe hii C stZL d ^e d n^ht“e «Tow w^f2rcmft C °Z? i,C c "“ST** ^ ** StrUCtUral 

ESS^S^^ 

stressed parts of the bodyinE? fid f HcnCC • transfer of fibcr material from initially lowly 

idea of o^mizationof^Sf2t d,reCtM,nS tha * « ^ »*emal forces is the gene J 

on the strain field deteri^jed^brfidt^element anadv^f ^ oncnUMons . and -concentrations as design variables. Based 

consists of an optimality criterion approach as described by' pZEwTm"? hTlnd \ tW0 “ level . °P timi 2ation procedure that 
Here, oesenoea oy redersen [4,5,8], and a mathematical programming technique. 

SfSX’ta.”^vS^ 005 » * *** - dere^red urt. «, optimality 

£ rs, f 7 ’S'r** »*“' “‘a*” * 

is carried out by means of a dual mathematical ^ ^ wtved design sensitivities. In this level, the optimization 

Fleury and Braibant [11], 1C P ro S ramnun 8 technique as implemented in the optimizer CONLIN by 

2. Objective function 

^ “ kgeJ - - «««! b. 

minimum total elastic strain energy subject to a giveii kEg **”* ‘ ffae “ WU ** dCfined “ ,he structure *■* has 

ortho^nS. S KrfoT^ “ ? T aCrOSC °P 1Cally homogeneous, 

e.g. Jones [12J, 87 ^ then be given by the following formula for an orthotropic laminate, see 


u - i(c} T [A]IO 


1 2 1 2 

xA € +xA t + A c € + 2 A < 2 
2 11 11 2 22 22 12 11 22 66 12 
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where {e} - » *e ^ iti^^S^n'TScL) by the principal strains, e, and *„ . and the angle 

the lamest stiffness Ah (Ajt^An), see Fig. 1. 



FI,. 1. Definition of .he mgle. *, 6 and -I f« mnnul on.,i ons of Ih e Me «!«»«« eoordin... sysiem X„ X. <h. pcincip^ 
strain coordinate system x„ x. and the material coordinate system y„ y. 

Since in ihe So,,. elemen, melysi, ihe nnocn.^ is d,seized ».o. el»*.h.wiih M vi« eon*.™ i™nin.« *iffne» 
matr ices (A] t , the total elastic strain energy U for the structure is en gi y 


U “ \ i {{l A n[ (< i +< rr )+(< r < n )C H + Kaj/VSr*** V‘ri )cos20 ] 

Ka[ ( S + S: )2 - ( ^-^: )2c0, H + ^. ( S*Sx )2sin M S }‘ 


( 2 ) 


where S, is the area of the i-th finite element. 


3. Design model and cost function 

^Th.T2nSrrf3 orientations 6, 0.90*mil 0. »d the 

volumetric fiber concentrations V„, V m and V„ , see Fig. 2. 





Fig. 2. Design variables of an element consisting of 3 orthogonal plies 


. „ , . .... „ f fiW _| v y /{„ the middle) and the total thickness h of the element, 

F„. &>* - ^ “ idiMC,ta * 1 (Iw , W) -d «~ Fly 

(0 We ha^w e defined 4 design variables for each element: V.. V„. 0 and fl. For these design variables, we prescribe lower 
and upper constraint values as follows: 
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Qs(V fi , i iV « • 0 s < v m > t sv f . Os^SlSO 0 , Osfisl 

i-1.n (3) 

Here the given upper constraint value V far th* 

^" tow *-* *• - - * ~ > 

upper bound R if stiffness maximization is considered? * C ° f ** s * nicnire ,0 be less than or equal to a given 


C "f.i C «[ < V* h ^ + < v «i,) t h»A>] 


+c B [(l*( v fI ) t )h ^♦(l-<V fri ) t )h( 1 . 4 i )]Js i S R 

as par r r *• ■* voi -« * *• and 

respectively, if the total weight is SnstSJ Cf “ d C " deno,e ,he weights of the fiber SJ 


(4) 


matrix materials, 
fiber and matrix materials. 


4. Stintless matrix in terms of design variables 


E u " (1 * v f4 > E + v E 

l " i rj ■ fj f 


EE 

TJ U-V )E + V £ 

t J * • ^ 


r J a 


*' LI , “ Cl-V )v + V V 

LXJ ■ (J f 


LTj 


G m° 

“'VV v 


J-I.II 


( 5 ) 


“j*”**'5^ T tJ^« ^ °f the fiber*. rrrpettively, a* ^ j 

For a composite element as shown in Fig 2 that consist* of 11 * fibcr . ^ ycrs 1 and 2* respectively. J 

zznsrs sr - * - - ** j* 


, E LI h ^ 

(A) - LI 


8 a 


or 


00 
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O' 

i 

. 8 
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♦a I 

l 

4 
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j 
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0 ;sin 2 tf /2 
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+ a 


3 r 
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•cos 4 #-l/ 2 j 
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,80 

+a 

s 

4 
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. 


l2 *^ 0 ; sin 2^/2 

s *cos 2 ^- 1 ;sin 2^/2 

- 1/2 


+ a 


3 x r 


C 0 S 4 *- 1 ; -cos 4 ^ ; S in 4 * 


0 1 

0 1 

s cos 4 ^-l ; -sin 4 ^ 

+a 

0 

V 

o 

• -cos 4 ^-l /2 


s 

• 1 / 2 . 



r - a (V V r p 

■J -J »' <■.' 0 . 2 . 3.4 J-!,! 
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For reasons of brevity, the reader is refereed to [1] for the specific expressions. 

5. Optimization technique 

The optimization problem is rind 

■fc.enrn.ri hr M. element "^ffJ^SSSSS^XtSl SWE *. — level of "design 

z sss scMSd *. ss;—s^^tnS&T^ri-*. », 

^J^!=Ss^SSSSSii esks^'sk 

*“ (2) - (6) - - * feUowto8 

expression for first order sensitivities, cf. Pedersen [4,8], 

dU dU m f 4Afl r ( . € ) 2 sin 2 \K 7 +c 0 S 2 ^)sl . t-1.n (8) 

dT d^ L * 1 11 J 

where A is a constant, and the parameter y, is defined by 

K l *'tA) l-l.n W 


7 1 " 


4a j l *«IX / ‘l] 1 


(9) 


V - ' 

A „ .« ihMd aooearinc in (6) The results of a complete investigation of the extrema of U with 
The material parameters ct, and a, are those appearing in v J* . . rgi 

KSISpiriStoSoZTe,fetich element canbe'detennined by mems of thistable anti fee 

formula 


• 4 “ +L + ’l 


i*l i • • •«ri 


( 10 ) 


where q, is fee angle of rotation of the pnneipti snain or sores ttection of fee Mb element relative to fee X, axis of the 

finite element coordinate system, see Fig. 1. „ immoved distribution of the amount of fiber material. 

The second stage in the loop of redesign consists “determuimg an m P rovc J* sm ° ^ * done by a dual method 0 f 

U., to obtain improved values olb, tary^ldBtaibmt (14) anti implemented in the computer 

sfssanMTs— tslssew w- •— - —— -* ,o * 

aforementioned design variables. theorem and the principle of virtual displacements for 

jsr w ass: ’«=? sgj-- -—* * 

strain energy density u, for a given element, whose strain field is considered to be fixed. 


■=-— s 

da i 


1*11•*• i n 


(id 


Here a, denotes any of the design variables B, (V,X « ^^ ry )■ can thus be determined by (2) and (11), 
The. sensitivities S&^SfeeTnl* [A], For fee i-th element offer 

X5SE2S -12 SntlS expression fe, sens,,,votes wx.t. fee design variables A 

° - t 2 

_ 2 • r 1 


I ^WlIlWUJ WV HIVM vwm«n.-- Vf • 


i - 1.n 


( 12 ) 


where is a shonhanti nontfenfor fee derivattves SSSl'S SSS 

SSSSL“hi™ SSStsiti^y informatimi tiwt is required for the optimization in fee second level 
» 1 _ 


of redesign. 
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6. Examples 


We now consider two example problems of optimization of the rectangular composite disc shown in Fig. 3 The disc has one 

of its sides fixed against displacements in the X and Y directions, while the opposite side is subjected to a oarabolicallv 
distributed shear loading. * 


Fig. 3. Example problem 



o,OY(1-r) 


The upper constraint value V, for fiber concentration in (3) is taken to be V, *80 pet, and we only consider cases of c =0 
and c,al, which means that the fibers are dominating in the cost or weight function C in (4). * 

In the firs t ex a mp l e we consider maximization of the stiffness of the disc under the condition that only one fiber field is 
m ' ach element. This corresponds to the special case of 0-0 v 6-1, see Chapter 3. The structure is discretized into 
j j , node elemen,s ( ( ype QUAD 2Q1D, see [14]). The result of the optimization is shown in Fig. 4, where the direction 
and density of the hatching within each elements illustrate the fiber orientation and concentration, respectively. 



Fig. 4. Optimal distribution and orientation of fibers in first example: One fiber field, n«800, maximizat ion of stiffness 

We see that the lowly stressed elements do not contain any fibers. It is also noteworthy that the design contains "holes" in 
the fiber reinforcement in the mid part of the structure, where shear forces are dominating. 

No doubt this is due to the fact that only one fiber field is allowed to exist in each element This is not favourable in shear 
dominated areas with almost equal principal stresses, and the pattern obtained in the mid part may be conceived as the best 
possible attempt of the structure to increase its "shear force stiffoess* under the given design conditions. The design shown 
in Fig. 4 is associated with a reduction of the total elastic energy U by 51% relative to the initial design, where all the fibers 
were uniformly distributed and given the orientation 0,*O. 

However, the convergence is very slow, and different designs may be obtained as a result of the optimization. In particular, 
the designs depend on the size of the applied FE-mesh, and it is not possible to obtain a limiting, numerically stable design 
by consecutively decreasing the mesh size. These features, along with the generation of "holes" in the design, indicate the 
necessity of a regularization of the formulation of the optimization problem (see, e.g., the survey by Olhoff and Taylor [15]). 

This leads to our second examhlc: Regularization of the formulation of the type of problem just considered is simply 
obtained by extending the design space such as to allow for formation of two orthogonal fiber fields everywhere in the <««• 
(which is actually covered in the preceding chapters). Introducing two fiber fields, the design in Fig. 4 is replaced by the 
solution shown in Fig. 5, where the "shear force reinforcement" appears along the horizontal center line in agreement with 
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the boundary and symmetry conditions. Optimizing the structure, U is reduced by 55%. Now the convergence is rapid and 
the design is found to be independent of the discretization, which confirms that regularization has been achieved. 



Fig. 5. Optimal distribution and orientation of fibers in second example: Two fiber fields, n=800, maximization of stiffness 
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